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Abstract
A table top source of coherent Terahertz (30-1000 µm) radiation, which is high
power, narrow bandwidth, and broadly tunable, is high desired for applications in
imaging, non-destructive testing (NDT), quantum, security and biomedical tech-
nologies. In spite of intensive research over many decades such a device remains
elusive.
Sulpher doped Gallium Selenide (GaSex−1Sx) solid solution ε-polytype crystals
are an outstanding candidate for the efficient generation of radiation and tunability
throughout the majority of the Terahertz (THz) regime; thanks to the prodigious
linear and nonlinear optical properties of the Gallium Selenide (GaSe) parent crystal.
Close control of doping and the crystal growth process enable the manufacture
of superior quality nonlinear crystals, where the optical properties may be engi-
neered and the mechanical properties vastly improved. Thus overcoming many of
the physical issues that, despite its exceptional optical properties, have frustrated
the widespread adoption of GaSe for laser frequency down conversion to the THz
regime. In order to fully exploit the potential of GaSex−1Sx crystals and successfully
design efficient sources for THz generation the optical properties of these crystals
must be accurately determined and their transformation with doping well under-
stood. The work in this thesis aims to accurately determine the optical properties
of GaSe, Gallium Sulphide (GaS) and GaSex−1Sx crystals in the Far-Infrared and
THz regimes to enable this exploitation.
In the first phase of investigation we determine the linear refractive index (n)
and absorption (α) coefficient for both the o and e waves in the THz regime (0.1-
4.5 THz) using Terahertz - Time Domain Spectroscopy (THz-TDS) for GaSe, and
a dense set of GaSex−1Sx crystals (x = 0.05 0.11 0.22 0.29 0.44). Measurements
of THz dispersion and absorption properties of GaS crystals are performed for the
first time. The transformation of the optical properties of the crystals and their
phonon structure is studied. We examine the sources of inaccuracy in the THz-
TDs measurements of high refractive index birefringent crystals and propose a set
of criteria for the selection of adequate data. The nonlinear Figure of Merit (FOM)
of available high quality GaSex−1Sx crystals is found to be an order of magnitude
less than that predicted in the literature, with FOM = 19.8 for GaSe, FOM = 17
for GaSex−1Sx, on the other hand estimates for double doping with Sulphur and
Aluminium predict significant enhanced of these FOM values, up to 5-10 times.
In the second phase of investigation we examine the phonon band of the GaSe,
GaS and GaSex−1Sx by FTIR and Raman spectroscopy. For the first time we deter-
mine the absorption coefficients of the main phonon peak in the set of GaSex−1Sx
crystals. The transformation of the phonon band with doping is studied.
In the third phase of investigation we attempt to determine the nonlinear optical
properties deff and n2 of GaSe and GaSex−1Sx in the Far Infra-Red (FIR) and THz
regimes using the Maker fringe and Z-scan methods on the FELIX free electron
laser.
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Chapter 1
Introduction
THz has always been and remains a difficult regime to work in; where a lack of
practical sources and detectors has continually hampered advances [1, 2], leaving
it a somewhat arcane field that was principally the domain of astronomers. Since
the late 1990’s the development of new sources, of ultrafast solid state laser pump
sources, and the discovery of new optical materials have made the generation and
detection of Terahertz radiation substantially easier [2].
Figure 1.1: Representation of the electromagnetic spectrum showing the location of
THz radiation (http://www.physik.uni-kl.de/)
Together with the advances in technology making this regime more accessible,
there has been an increased demand from other sectors for capabilities that Terahertz
radiation can provide [2, 3, 4], which has lead to a sustained period of intense
interest in Terahertz radiation and its applications. This is evident from the almost
exponential growth in publications featuring the word THz in the title in the past
20 years, across a wide range of disciplines [4].
Many optically opaque materials are transparent in the THz regime, and this has
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Figure 1.2: Exponential fit to the growth in Terahertz publications between 1960-
2013 [4]
been widely exploited in security and imaging applications. It is employed in the
detection of concealed weapons, explosives and contraband among airline passengers
[2, 3, 5], as well as being used in a number of medical imaging devices due to its
nonionising nature [2, 3, 6, 7]. In the military and defence sectors applications exist
for Terahertz in remote sensing, from the identification of enemy targets to explosive
devices [2, 3, 5, 4].
Numerous chemical compounds, in particular organic compounds, as well as
biological samples have been found to possess molecular resonances within the Ter-
ahertz regime [2, 3, 8, 9]. These resonances, and THz radiation in general, are of
great interest to manufacturing in particular for polymers [4] and pharmaceutical
industries, not only for the non-destructive testing of their products by THz imag-
ing, but also because of the precise determination of chemical composition of those
products through THz-TDS.
Interest in THz applications in the semiconductor industry is also growing once
again. THz devices enable the rapid characterisation of new materials and inspec-
tion of devices, as semiconductors are often transparent to THz throughout a large
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portion of the regime; the electronic structure of the semiconductors can be inferred
[10]; time-resolved studies of carrier lifetimes are possible [11]; carrier mobility and
conductance mapping may be undertaken [12, 13] and hence the quality of new
materials determined.
Solid-state quantum devices show great potential in that they are integrable
with currently industrial scale silicon wafer processes and existing microelectronic
devices. The operation of implanted silicon devices such as phosphorous in silicon
(Si:P), calls for a source of intense narrowband and tunable THz frequency pulses.
The control of spin orbitals that is essential for entangling neighbouring P atoms and
developing quantum memory and read out is currently only available through Free
Electron Laser facilities. Development of novel compact THz sources is necessary to
bring these devices to fruition.
1.1 Historical Background of THz Science
1.1.0.1 Early Work
The first of what might be considered Infra-Red (IR) experiments were conducted by
Italian Renaissance polymath Giambattista della Porta of Naples (1535-1615)[14].
In his book, Magiae Naturalis, published in 1589, della Porta describes the focus-
ing of heat with a concave mirror. The only detectors available to him were his
’natural senses’ [14]. Indeed Infra-Red radiation is well known to us all, we emit
and can detect it in the heat of our bodies and the familiar warmth of the sun.
Work proceeded slowly over the centuries aided by technological advances. Another
Italian Renaissance scholar Santrio Santorio (1561-1636), often referred to as Sanc-
torius of Padua, known for his studies in medicine and biology and as a famous
experimentalist, Sanctorius used the recently invented thermometer to observe the
heating due to the sun’s radiation [14]. In an early use of spectroscopy, famed
Hanoverian Astronomer William Herschel (1738-1822), performed the first quanti-
tative measurements of visible and Infra-Red radiation, using a glass prism and a
set of thermometers. Herschel presented his results to the Royal Society in 1800
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[15, 14].
Figure 1.3: Sketch of Herschel’s Experiment from his paper of 1800 [15]
1.1.0.2 The 1890’s
Work in what we now know as the THz or the FIR regime began with a series of
experiments in Berlin by Henrich Rubens and colleagues. They had been working
with prismatic spectrometers to extend the range of understanding in the infra-
red spectrum, using the ionic crystals rock salt (NaCl), sylvine (KCl) and fluorite
(CaF2) [16, 14]. Rubins was later joined by American scientist Ernest Fox Nichols,
professor of physics at Colgate University. Nichols found an anomalous change in
reflectivity of quartz crystal, where over a narrow band (7-9 µm) where it increased,
approaching the reflectivity of “burnished silver” [17]. We now know that this
reflection is due to the Restrahlen Effect, the anomalous change in refractive index
around the phonon band, leading to strong Fresnel reflections. Finding Restrahlen
bands in other crystals, Rubens and Nichols quickly exploited the effect to build
a plate spectrometer producing almost monochromatic light out to 50 µm [14, 18].
The previous limit of definite knowledge had been at about 9 µm [19]. Having
opened up a new area of the electromagnetic spectrum, they set to work exploring
the optical properties of a variety of materials in this range, documented in a series of
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publications in 1897 [20, 21, 22]. Famously in “Heat Rays of Great wavelength” they
first identified the existence of the “Terahertz Gap” [20, 18]. As the electromagnetic
spectrum is continuous, the Terahertz Gap existed first as a gap in knowledge, a
terra incognita, and later as a Ruben and Nichols pointed out a technological gap,
that continues to the present day.
1.1.0.3 1910’s - 1930’s
Technological progress of THz devices remained slow prior to WWII, and only one
significant source was developed in this period: the mercury arc lamp [23]. Mercury
lamps proved boon to spectroscopy and became the work horse for the IR regime;
a position it maintains to the present day. In 1911 Rubens and Beayer showed the
utility of the new device as a FIR source [24, 14]. Used in conjunction with blazed
gratings produced by Woods at John Hopkins University in 1910 [25], the mercury
lamp was principally applied towards the study of absorption bands in gases [26, 27].
The development of new detectors however remained stalled, with Langley’s room
temperature Bolometer from 1800 [28] dominating.
Rubens was a major figure in the development of FIR science; of the 150 papers
on the subject published in the 30 years from 1892 to his death in 1922, he was an
author on all but 13 of them [14]. His work and its accuracy played a significant part
in the developement of Planck’s Radiation Law [14, 18]. Following Rubens’ death
Planck wrote: “Without the intervention of Rubens the formulation of the radiation
law, and consequently the formulation of quantum theory, would have taken place in
a totally different manner, and perhaps even not at all in Germany” [29].
In 1923, Nichols and colleagues succeed in closing the gap between the lower
extent of the Mercury lamp 420 µm and “electric-waves,” using Hertzian Oscillators
to generate 220 µm light [30]. The following year overlap was further increased to
90 µm by Russian physicist Glagolewa Arkadiewa, who used brass filings as dipole
sources [31].
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1.1.0.4 1940’s - 1950’s
Over the course of the second World War huge amounts of energy was directed into
the advancement of microwave technology and atmospherics studies to enable radar
applications. Shortly after the war, Marcel Golay invented his famous “pneumatic
infrared detector,” [32] the Golay Cell, still in use today. From this point on, there
was steady progress in developing sources and detectors [33, 34]. The lower end of
the THz regime was more accessible through advances in high frequency mm-wave
sources e.g. klystrons [35, 36, 37], magnetrons [37] and BWO’s [38, 39], mixers
and multipliers [40, 41, 42, 43], built upon the war time radar work. The war
time development of computing also had a major impact on the field. In 1951 at
Cambridge University, Fellgett described in his thesis the use a computed Fourier
transform spectrometer [44], this was soon extended into the FIR [45] and by 1957
commercial Fourier Transform Infra-Red Spectroscopy (FTIR) instruments were
available [46, 47].
As the post-war period drew to a close, 1959 saw the development of first conve-
nient cooled bolometer, the Carbon Bolometer [48] and a photoconductive detector
for the FIR [49]. Modern Spectroscopy had arrived.
1.1.0.5 1960’s - 1970’s
The 60’s and 70’s was an era of massive growth for THz science, with more than
10,000 papers published. A range of THz / mm-wave sources sources and detectors
that we are familiar with today were developed: electronic devices including Gunn
[50], IMPATT [51, 52] and tunnelling diodes [53], high power electron beam devices
[54] and the Free Electron Laser [55], bolometric detectors including n-InSb electron
bolometer [56], Ge bolometer [57], Si composite bolometer, pyroelectric detector
[58], and new photoconductive FIR detectors [59]. In large part, the growth was
driven by the semiconductor industry and its need to understand the impurities and
electronic structure of its materials. Applications in other areas included: Cosmic
Microwave Background (CMB) studies in astronomy [60, 61, 62], investigations of
condensed-matter physics, and early biological work [18, 14].
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However what really opened up the THz field was the invention of the laser;
arguably the most significant invention of the period, directly contributing to 11
Noble prizes. While Maiman succeeded in demonstrating the first and in the process
inventing a new type of laser [63], it would be incorrect to ascribe the laser’s invention
to a single individual. Beginning with Einstein’s work on the photoelectric effect [64]
and later on the quantum theory of light, predicting the stimulate emission of light
[65, 66], numerous individuals and groups were involved in the development of the
laser [67, 68, 69, 70, 71, 72], often from spectroscopy backgrounds and in particular
spectroscopy in the mm-wave and FIR [73, 74]. It is telling of this origin that in the
early years the laser was alternatively known as the ”Optical MASER” [75], Townes
stated that part of the motivation for his work was to develop a molecular generator
for the THz band [76] and in 1958 Prokhorov suggested a laser for generation of
Far Infra-Red waves [71]. Following Maiman’s demonstration, laser development
and invention came thick and fast: 1960, the Helium Neon (HeNe) laser [77]; 1961,
1st commercial lasers [78], Nd+3 lasers [79, 80], diode lasers [81, 82, 83, 84]; 1962,
Q-Switching [85]; 1963, mode-locking [86]; 1964, Neodymium:Yttrium Aluminium
Garnet Nd:Y3Al5O12 (Nd:YAG) Lasers [87], Ar
+lasers [88], Carbon Dioxide (CO2)
lasers [89].
Figure 1.4: Components of Maiman’s original Ruby Laser(en.wikipedia.org).
Laser based optical generation has resulted the widest variety of THz sources
including: quantum cascade lasers, quantum dot devices and optically pumped THz
lasers, p-doped germanium lasers and a further range through the use of optical non-
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linearities such as photoconductive dipole antennae, optical rectification, difference
frequency generation and the optical parametric generation [2, 90]. This thesis is
concerned with the last.
1.2 Thesis Outline
A table top, high power, narrow bandwidth, broadly tunable, coherent source of Ter-
ahertz (30-1000 µm) radiation is highly desired for novel applications in quantum,
security and biomedical technologies; in addition to the traditional areas of spec-
troscopy, imaging and non-destructive testing (NDT). In spite of intensive research
over many decades such a device remains elusive. The clear demand for such a source
is the driving force of this D.Eng project, which aims to identify, characterise and
test a material that enables the construction of a widely tunable multi-terahertz op-
tical frequency conversion source and, ultimately an Optical Parametric Oscillator,
allowing ready access to higher frequencies. Current table top source technologies
in this area of THz applications, i.e. Photoconductive Dipole antennae and Lithium
Niobate (LiNbO3) Optical Parametric Oscillator (OPO)’s, are limited to 3-4 THz
[3, 90] and air-plasma devices are often prohibitively expensive due to the pump
laser requirements [91, 92].
Sulphur-doped solid solution ε-polytype Gallium Selenide (GaSex−1Sx) crystals
have the potential for efficient generation of THz radiation and broadband tunabil-
ity throughout the majority of this regime; as a result of the prodigious linear and
nonlinear optical properties of the Gallium Selenide parent crystal. Close control of
doping and the crystal growth process has enabled the manufacture of high quality
nonlinear crystals, where the optical properties may be engineered and the mechan-
ical properties vastly improved, thus overcoming many of the physical issues that
have frustrated the widespread adoption of GaSe despite being “the best nonlinear
optical material ever used” (Shi 2004) [93] for laser frequency down conversion to
the THz regime.
In order to fully exploit the potential of GaSex−1Sx crystals and successfully
design efficient sources for THz generation the optical properties of these crystals
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must be accurately determined and their transformation with doping well under-
stood. The work in this thesis aims to accurately determine the optical properties
of GaSe, GaS and GaSex−1Sx crystals in the THz regime to enable this exploitation.
The literature relating to GaSex−1Sx is highly scattered and often contradictory.
Details relating to the e-wave properties of GaSe and GaSex−1Sx are extremely lim-
ited, we were unable to find the THz absorption and dispersion spectra of GaS in the
literature. Though a number of Sellmier equations for the crystals exist, these are
again often in contradiction, particularly so for the THz regime, seriously hindering
the utilisation of these crystals.
Chapter 2 examines the early development of nonlinear optics from Franken’s
observation of Second Harmonic Generation (SHG) [94] and the basic theory of
nonlinear optics in the early 1960’s through to the first era of THz and FIR source
development using nonlinear optics in the late 1960’s and 70’s. The requirements for
a successful, efficient OPO are outlined through a review of their theory of operation.
Optical materials for nonlinear optical frequency conversion in the mid to far-IR and
THz regimes are reviewed with the requirements for an OPO in mind.
Chapter 3 determines the linear refractive index (n) and absorption coefficient
(α) for both the o and e waves in the THz regime (0.1- 4.5 THz) by direct mea-
surement using Terahertz - Time Domain Spectroscopy for GaSe, and a dense set of
GaSex−1Sx crystals (x = 0.05, 0.11, 0.22, 0.29, 0.44) fabricated with facets perpen-
dicular to the c axis. Measurements of THz dispersion and absorption properties of
THz crystals are performed for the first time. We determine the birefringence for
GaSe, GaS and GaSex−1Sx crystals, and recommend from existing Sellmeier equa-
tions those that best fit the experimental data. The transformation of the optical
properties of the crystals and their phonon structure with respect to doping content
is studied. We examine the sources of inaccuracy in the THz-TDS measurements
of high refractive index birefringent crystals and propose a set of criteria for the
selection of adequate data.
Chapter 4 investigates the possibility of engineering the transparency windows
in GaSex−1Sx crystals by means of doping. The phonon bands of the GaSe, GaS
13
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and GaSex−1Sx crystals are examined by FTIR and Raman spectroscopy and their
transformation with respect to doping is studied. For the first time we determine
the absorption coefficients of the main phonon peak in the set of GaSex−1Sx crystals
using thin (10s of µm) exfoliated samples.
Chapter 5 reports on attempts to determine the key nonlinear optical properties
deff and n2 in the FIR and THz regimes for GaSe and GaSex−1Sx crystals by the
classic Maker fringe and z-scan methods. Measurements of these properties, which
are crucial for efficient nonlinear optical frequency conversion, have to date been
largely confined to around 1.064 µm. Measurements are made using the Felix free
electron laser facility in Nijmegen as a source.
Chapter 6 reports on the conclusions reached for the work of this thesis. We
describe ongoing and future work to generate THz radiation in GaSex−1Sx crys-
tals using both difference frequency generation and the development of an optical
parametric oscillator that will exploit these new results.
1.3 Summary
The aim of the work presented in this thesis was to develop a robust understanding
of the linear and nonlinear optical properties of GaSex−1Sx crystals to enable their
successful exploitation in Difference Frequency Generation (DFG) and OPO devices
at THz frequencies, and where possible, clarify discrepancies in the literature. The
work includes studies of GaSe, GaS & GaSex−1Sx crystals at THz and FIR frequen-
cies by means of THz-TDS, FTIR and Raman spectroscopy. The absorption and
dispersion spectra for the crystals are presented and the effect of dopant concen-
tration is examined, enabling the identification of optimal doping and best existing
Sellmeier equations. Furthermore the development of improved Sellmeier equations
and phase matching curves is facilitated. The possibility of engineering optical prop-
erties of the crystals though doping is examined. The nonlinear optical properties
of the crystal are studied in the THz and FIR regimes, by the classic z-scan and
Maker fringe techniques, to understand further the possibilities of pumping GaSe
devices at long wavelengths.
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THz OPO Technology
“The study of non-linear physics is like the study of non-elephant biology.”
— Stanislaw Ulam, mathematician
2.1 Introduction to Nonlinear Optics
In this chapter we will examine the early development of nonlinear optics from
Franken’s observation of SHG [94] through to the early nonlinear optical sources of
THz. A brief introduction to the theory of nonlinear optics is given and the key
parameters for efficient DFG and OPO devices are outlined through a review of their
theory of operation. Optical materials for nonlinear optical frequency conversion in
the mid to far-IR and THz regimes are reviewed with the requirements of DFG and
OPO operation in mind.
Since the laser’s, invention the development of a broadly tunable, coherent source
of radiation has been highly sought after. However, the laser for all its positive
features, is not well-suited to broad tuning. Conventionally, lasers oscillate at single
discrete frequencies, these frequencies are dependent upon the energy transitions in
the gain media, and in general, they are neither widely nor continuously tunable.
However, the high intensity of the optical frequency electric fields generated by
lasers, through Non Linear Optics (NLO), have enabled the development of OPOs
that can provide broadband, continuously tunable, efficient, high power, sources of
coherent radiation. Intense DC E-fields, available to 19th Century experimenters,
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allowed some nonlinear optical phenomena, e.g. Kerr Effect, to be observed [95];
however, it was the advent of the laser that really brought the field to life [96]. In
Figure 2.1: Schematic of the setup for Franken’s experiment [94].
1961, shortly after Maiman’s demonstration of the laser, Franken et al passed the
694 nm beam of a red ruby laser through a quartz crystal, into a monochromator and
projected the output on to a photographic plate. Examination of this photograph
revealed a remarkable thing: there were two spots. One spot corresponded to the
frequency of the laser ω1 and the other occurred at twice the laser frequency, ω2 =
2ω1, or half the wavelength at 347 nm in the ultraviolet [94]. Thus, nonlinear optics
was born with a demonstration of what we call SHG.
Figure 2.2: Original figure from Franken’s experiment with the Second Harmonic
Generation spot missing [94, 96].
To explain this phenomenon, let us consider an electro-magnetic wave, in this
case a laser beam, propagating through a dielectric material. As the wave propa-
gates, it produces variations in the distribution of electric charges within the mate-
rial, both spatially and temporally. This is most easily observed as the generation of
electric dipoles, leading to the polarisation of the material. Generally, these dipoles
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respond in a linear fashion to the E-fields oscillation and the wavelength propagating
through the material remains unchanged [97, 98, 99]. From Maxwells equations, the
electric displacement D is described by Eqn 2.1.
D = ε0E + P (2.1)
Where ε0 is the permittivity of free space, E is the electric field strength and P is
the polarisation. The polarisation P experienced by a material is dependent upon
the incident E-field and can be described by Eqn 2.2 [100].
P = ε0χE (2.2)
where χ is the linear susceptibility. As the E-field flux, i.e. the intensity of the
incident light, increases, this representation as a simple linear relationship breaks
down. The effect is normally quite small and, for all intents and purposes, it is
negligible in everyday life. To illustrate this let us consider the atomic field strength
on an electron is of the order of E = 109 V/cm2, so in order for an effect to be
noticeable the applied E-field has to have a large magnitude, say E = 105 V/cm2.
This is equivalent to a light beam with an intensity on order of 1010 W/cm2. In
a 10 cm kettle this would boil a litre of water in approximately 10−6 of a second.
Intensity I is related to the E-field by Eqn 2.3
I = x|E|2 (2.3)
where x is a constant dependent upon the units chosen in the definition. However,
if a high intensity optical source such as a focused laser beam is projected on to the
material, the required variation in the E-field is approached and deviations from the
linear model begins to become apparent. At high intensities the linear representation
is no longer valid, but may be expanded out into a power series in E, to model the
dipole response as in Eqn 2.4 [100].
P = ε0(χ
(1)E + χ(2)E2 + χ(3)E3...) (2.4)
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where χ(2) and χ(3) are the second and third order nonlinear susceptibility tensors
respectively. If the oscillating E-field is defined by Eqn 2.5
E(t) = Eωcos(ωt) (2.5)
where ω is the frequency of oscillation and t is time, restricting ourselves to the first
two terms only, then Eqn 2.4 can be rewritten as Eqn 2.6 [100]
P = ε0(χ
(1)Eωcos(ωt) + χ
(2)E2ωcos
2(ωt) + ...) (2.6)
Using the trigonometric identity
cos2(θ) =
1
2
(1 + cos(2θ)) (2.7)
this can be recast as :
P =
1
2
ε0χ
(2)E2ω + ε0χ
(1)Eωcos(ωt) +
1
2
ε0χ
(2)E2ωcos(2ωt) + ... (2.8)
The first term in Eqn 2.8 is a DC term; the second term describes a wave oscillating
at ω i.e. linear propagation; and the third term describes a wave oscillating at 2ω,
i.e. nonlinear second harmonic generation [100]. The generation is nonlinear in that
the amplitude of 2ω wave is proportional to E2.
1
2
ε0χ
(2)E2ω DC term
ε0χ
(1)Eωcos(ωt) Linear propagation term
1
2
ε0χ
(2)E2ωcos(2ωt) SHG term
χ(2), the second order nonlinear susceptibility, is responsible for many nonlinear
effects including: second harmonic generation, shown above, sum and difference
frequency generation, and parametric amplification, which is discussed below. χ
(2)
ijk
is a rank 3 tensor with 27 coefficients [100]; this can be reduced to a 3 x 6 tensor,
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known as the d-tensor, by a series of symmetry arguments where the material is
lossless. In many nonlinear materials the majority of the d-tensor coefficients are
equal to zero thus reducing the complexity of calculations and if the frequency of
the interaction is less than the lowest resonant frequency of the material system,
χ(2) can be assumed to be a constant [101].
The d-tensor is related to χ(2) by the below relations, where the
1
2
factor is a
legacy of convention.
dijk =
1
2
χ
(2)
ijk (2.9)
It is then possible to write the nonlinear polarisation for SHG as a sum over the
components of the d-tensor where
Pi(ωn + ωm) = ε0
∑
jk
∑
(nm)
2dijkEj(ωn)Ek(ωm) (2.10)
Table 2.1: Reducing dijk to contracted dil notation
jk 11 22 33 23,32 31,13 12,21
l 1 2 3 4 5 6
The d-tensor is presented below in its full form in Eqn 2.11. By Kleinman sym-
metry arguments, where the medium is lossless and the frequencies of the incident
beams are less than the lowest resonance of the material system, it can be further
reduced to 10 independent elements as given below and the notation contracted to
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the dil form as given in Table 2.1 [101].
dijk =

d111 d112 d113
d121 d122 d123
d131 d132 d133
d211 d212 d213
d221 d222 d223
d311 d312 d313
d321 d322 d323
d331 d332 d333

≡ dil =

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36
 (2.11)
dil =

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36
 =

d11 d12 d13 d14 d15 d16
d16 d22 d23 d24 d14 d12
d15 d24 d33 d23 d13 d14
 (2.12)
The nonlinear polarisation from Eqn 2.10 can be rewritten as a matrix equation in
dil for SHG in the form

Px(2ω)
Py(2ω)
Pz(2ω)
 = 2ε0

d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36
×

Ex(ω)
2
Ey(ω)
2
Ez(ω)
2
2Ey(ω)Ez(ω)
2Ex(ω)Ez(ω)
2Ex(ω)Ey(ω)

(2.13)
For fixed polarization and propagation directions it is possible to express the non-
linear polarization through a scalar relationship and in the case of SHG it is given
by Eqn 2.14.
P (2ω) = 2ε0deffE(ω)
2 (2.14)
The crystal structure and symmetry further reduce the number of independent and
non-vanishing components in dil and in the case of ε-GaSe, which is a hexagonal
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crystal of the 6¯m2 /D13h symmetry [102], dil is reduced further to
dil =

− − − − − −d22
−d22 d22 − − − −
− − − − − −
 (2.15)
where there is only one independent component d22 and d16 = −d22. Hence, the
effective nonlinear coefficient for the interaction depends on the polarisation of the
beam and the on the θ and φ angles as given by [103, 104]
Type I (e-oo) deff = d22cos(θ)sin(3φ) (2.16)
Type II (e-oe) deff = d22cos
2(θ)sin(3φ) (2.17)
where 0 ≤ θ ≥ pi is the polar angle relative to the crystal c-axis, and 0 ≤ φ ≥ 2pi is
the azimuthal about the crystal c-axis.
In centro-symmetric or isotropic material, such as glass and the β-polytype of
GaSe which has , the χ(2) tensor is equal to zero and therefore second order effects
are not possible [100].
The conversion efficiency of the interaction in Franken’s experiment was ex-
tremely low 1:10−9 [105], and so the latter spot was extremely faint. Bloembergen
relates the anecdote, “The editorial office of Physical Review Letters removed these
spots [sic] as undesirable smudges, evidence was thus erased from the original pub-
lication. The markable fact is that an erratum never appeared” [96].
The reason for this poor efficiency was the material dispersion, i.e. frequency
dependent refractive index, of the nonlinear crystal. The fundamental frequency
ω1 of the ruby laser and the second harmonic ω2 propagate through the nonlinear
crystals at different velocities, moving in and out of phase with each other. So the
amplitude of the second harmonic signal grows and decays in sinusoidal fashion,
see Figure 2.3, resulting in only a tiny fraction of the length of the crystals being
responsible for the generation of the observed second harmonic radiation. We will
address these points and phase matching mathematically for the three wave case
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below.
Figure 2.3: Comparative growth of the optical power generated through nonlinear
means for Phase Matched (green), Quasi-Phase-Matched (blue) and Non Phase
Matched (red) set ups as they propagated through the nonlinear crystal.
This was soon overcome by Giordmaine [106] and Maker et al [107], who ex-
ploited the birefringence of anisotropic crystals. In birefringent crystals the refrac-
tive index is dependent upon the polarisation of the light, varying between the
refractive indices of the orthogonally polarised ordinary and extraordinary rays, i.e.
ordinary refractive index ordinary refractive index (no) and extraordinary refractive
index ne respectively. In these crystals the refractive index of the extraordinary ray
ne is also a function of the angle of propagation, which can be described by an el-
lipsoid. If the ellipsoid for both no(ω1) and ne(ω2) are overlaid on one another, then
some direction(s) could be found where they intersect, i.e. the refractive indices are
equal in magnitude as shown in Figure 2.4 . When propagating along this direction
the beams are said to be phase matched.
This phase matching condition is, in general, unique for each particular set of
ω1 and ω2 and thus is sometimes referred to as critical, or more generally, Bire-
fringent Phase Matching (BFM). Both ω1 and ω2 will now propagate together in
phase, and the intensity of ω2 will grow with the square of the distance travelled.
Both Giordmaine and Maker demonstrated phase matching in Potassium Dihydro-
gen Phosphate KH2PO4 (KDP), showing that nonlinear optics could become a prac-
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Figure 2.4: Schematic of Type I phase matching for SHG in a positive uniaxial
birefringent crystal.
tical source of coherent radiation rather than an interesting, if impractical, physical
curiosity.
Subsequently, Bass et al demonstrated Sum Frequency Generation (SFG) in
Triglycine Sulfate, using two Ruby Lasers one of which was liquid nitrogen cooled
shifting the frequency of oscillation by 1 nm [108]. DFG had been initially suggested
by Laine in 1961 [109], but it was some time before it could be realised.
Following these initial reports by Franken [94] and Bass [108] working at Univer-
sity of Michigan Ann Arbour, significant effort was expended and rapid development
achieved in both the theoretical underpinning of nonlinear optical generation and
experimental advances. While there were workers in various groups on both sides
of the Atlantic, much of this early development was driven by those at Bell Labs,
New Jersey and Moscow State University.
In their seminal 1962 paper, Armstrong, Bloembergen, Ducuing and Pershan
[110] introduced, amongst other things, an alternative scheme to achieve phase-
matching. Quasi Phase Matching (QPM) as it is now known, was intended as a
means to circumvent problems relating phase matching in cases of too much or too
little birefringence. We can see in the non-phase-matched case (Figure 2.3) that
as the ω1 beam propagates through the crystal the amplitude of Eω2 grows until
∆k=
pi
2
and then decreases again until ∆k=pi and so on and so forth every ∆k=
m
2
pi.
The energy moving back and forth between the Eω and Eω2 waves. If however
we could divide the crystal into
pi
2
long domains and alternatively rotate each by pi
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then the amplitude of Eω2 would continuously grow. Bloembergen went on to patent
the idea, however the engineering was extremely intricate, practical orientation of
micron thin layers required new growth techniques, so by the time it was realised
25 years later in 1988 using LiNbO3 [111, 112, 113], the 20 year patent had expired
[105].
The idea of parametric amplification and generation of tunable light arose and
was analysed independently by several authors in 1962; by Kingston [114], Arm-
strong et al. [110] and by Akhmanov & Khokhlov [115]; and Kroll proposed a
tunable OPO [116]. These devices took some time to realise.
The importance of phase-matching for efficient nonlinear generation was further
emphasised by Boyd et al [117], and demonstrated in LiNbO3 crystal, which had
begun to receive much attention as the preferred crystal for nonlinear generation
due to its large negative birefringence (∆n = 0.085), and nonlinear coefficient d31 ≈
-4.5 pm/V , which was the greatest of any phase-matchable material studied up to
that point. [117].
In 1965, Wang and Racette observed parametric amplification in a 3-wave mixing
experiment, i.e. an Optical Parametric Amplifier (OPA). The same year Giordmaine
and Miller demonstrated the first OPO, three years after its initial proposal. The
tunable IR (0.97 - 1.15 µm) OPO was implemented in a LiNbO3 crystal, pumped
at 0.529 µm by a frequency doubled Q-switched Nd:CaWO laser. Akhmanov et
al, in Moscow State University, soon followed with another tunable IR (0.958 -
1.178 µm) OPO in KDP [118]. Boyd and Askin further extended the theoretical
understanding on oscillation threshold and the effects of temperature, electric field
and pump frequency variation, and proposed that it would be possible to develop
Continuous Wave (CW) OPOs with low thresholds v 10s mW [119].
Further development of the theoretical understanding followed, conducted by:
Yariv (1966), on parametric oscillation, frequency conversion and laser modulation
[120]; Yariv and Louisell (1966), on oscillation threshold, Manley-Rowe conditions,
power output and index matching; and others [121]. Boyd and Kleinman (1968)
developed a complete theory of parametric generation for focused Gaussian laser
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beams, providing examples for Tellurium (Te), and LiNbO3 [122].
The development of OPO’s devices was equally rapid. Using a set-up similar
to Akhmanov’s [118], Miller and Nordland in 1967 demonstrated an OPO using
LiNbO3 [123]. The same year, Kreuzer demonstrated for the first time an OPO
pumped without SHG, using the fundamental of a ruby laser at 694.3 nm [124].
Tuning was achieved by means of the electro-optic effect in LiNbO3 [124]. The
first singly resonant OPO was demonstrated by Bjorkholm in 1968 [125]. The same
year, and two years after its proposal, Smith et al first demonstrated a CW OPO
in Barium Sodium Niobate (Ba2NaNb5O15), operating in the Near Infra-Red (NIR)
(0.98 - 1.06 µm) pumped at 0.532 µm by a frequency doubled Nd:YAG [126], and
were quickly followed by Byer et al, who demonstrated the first visible (0.680-0.705
µm) OPO, in LiNbO3 pumped at 0.514 µm by an Ar
+:Laser [127].
2.1.1 Early THz / FIR Generation by Nonlinear Optics
Optical Parametric Amplifiers were first reported by Patel (1966), where a 17.888
µm signal from a neon laser was amplified in a Tellurium, crystal pumped by a CO2
laser at 10.6 µm [128]. The first report of tunable Terahertz radiation generated from
a parametric source with a Near Infra-Red pump was by Yarborough et al (1969)
[129]. They observed parametric radiation from a LiNbO3 crystal, having no mirrors
and only polished facets, tunable from 2-6 THz, using a nanosecond Q-switched ruby
pump laser. Non-collinear Phase Matching conditions were employed. A corner was
cut from the crystal perpendicular to the direction of propagation of the THz beam
to reduce the optical path within the crystal, as LiNbO3 is strongly absorbing in the
THz regime, and to improve coupling to free space, reducing losses associated with
the large refractive index mismatch between the crystal and air [129].
Fixed frequency DFG was first observed by Zernike & Berman (1965) [130] using
two NIR lines, 1060 nm and 1071.5 nm from a neodymium glass laser, in quartz
crystal, resulting in radiation at 3 THz. Yajima and Inoue (1968) [131] demonstrated
DFG at 0.87 THz by means of the R1 and R2 lines from a single ruby laser in Zinc
Telluride (ZnTe) crystal [131]. Coffinet and De Martini (1968) [132] described for
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the first time the observation of DFG in Gallium Phosphide (GaP) crystal at 11
THz, using a ruby laser [132]. Tunable Terahertz DFG between 0.03-0.24 THz was
first demonstrated by Faries et al (1969) [133] using temperature-tuned ruby lasers.
Both Quartz and LiNbO3 were used as the nonlinear medium, with frequency tuning
achievable through the rotation of the crystals [133]. Zernike (1969) [134] described
temperature dependent phase matching at 3 THz, for DFG between the 1047 and
946 cm−1 lines of a CO2 laser, in an Indium Antimonide (InSb) crystal. While
DFG is a viable means of producing THz radiation, it suffers from a number of
drawbacks: first, the system is more complicated and often more expensive due to
the requirement for two pump sources; and second, it is less efficient than Optical
Parametric Generation (OPG), which can be readily used in an intra-cavity set-
up. DFG experiments however, provide useful data about the optical properties of
various crystals, phase matching and their tunable ranges, which may be used to
inform choices for potential OPO’s.
Piestrup, Fleming & Pantell (1975) [135], following on from Yarborough et al ’s
work [129], though using a resonator in this instance, reported on an extended
continuously tunable range of 0.3-3 THz in a LiNbO3 crystal pumped by a ruby
laser.
Bianchi, Ferrario & Musci (1978) [136], described tunable optical down conver-
sion between 4-12 µm of the output from a LiNbO3 OPO in a GaSe crystal. Oudar,
Kupecek & Chemla (1979) [137] described tunable DFG between a Nd:YAG and an
IR dye laser in a GaSe crystal between 9-19 µm. After this initial rush of growth,
the further development of optical nonlinear THz sources through DFG and OPOs
[90, 138] stalled. There are a range of reasons why: the difficulty in acquiring new
crystals, the emergence of tunable Dye Lasers, early over-optimism on the part of
various authors leading to a general scepticism [138], which would return to haunt
THz in the late 2000’s [139], and the availability of molecular gas lasers in the
submillimetre regime [90].
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2.2 Operation of OPOs
2.2.1 Sum and Difference Frequency Generation
We will briefly describe the operation of an efficient OPO following the analysis of
Boyd[101] and Keochner [100]. If two electromagnetic waves of similar intensities,
but differing frequencies ω1 and ω2, are incident upon a second order optical nonlin-
ear material, a third wave with a frequency ω3 will be created, where ω3 = ω1 + ω2,
in the case of sum frequency generation, or similarly, ω3 = ω1 − ω2 in the case of
difference frequency generation. We can describe this mathematically as below, first
examining the E-field [100]:
E = E1 + E2 = E1cos(ω1t) + E2cos(ω2t) (2.18)
and
Pχ(2) = bχ
(2)E2 = bχ(2)[E1cos(ω1t) + E2cos(ω2t)]
2 (2.19)
where b is a constant. This can be written as:
Pχ(2) = bχ
(2)
{
E21cos
2(ω1t) + E
2
2cos
2(ω2t) + E1E2[cos(ω1t+ ω2t) + cos(ω1t− ω2t)]
}
(2.20)
Resulting in 3 terms in, using trigonometric identity cos2 θ =
1
2
(1+cos 2θ) as before,
E, the first two terms describe the DC and second harmonic component for both ω1
and ω2, while the last term describes two new oscillating waves, one ω1 + ω2 at the
sum frequency and the other ω1−ω2 at the difference frequency [97, 100], such that
E3 = E1E2cos(ω1t− ω2t) (2.21)
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2.2.2 Difference Frequency Generation
A plane wave oscillating at ω3 and propagating in the +z through a nonlinear
medium can be describe as
E3(z, t) = A3e
i(k3z−ω3t) + ... (2.22)
where A the amplitude of the wave is constant and k3 =
n3ω3
c
and for convenience
(and as is convention) using the scalar approximation, n3 is the linear refractive
index of the medium appropriate for polarization state of ω3.
P3(z, t) = P3e
i(k3z−ω3t) + ... (2.23)
P3 = bχ
(2)E1E2 (2.24)
= 4ε0deffE1E2
= 4ε0deffA1A2e
i(k1−k2)z
These Eqns 2.22, 2.23 & 2.24, can be substituted into the wave equation for a lossless
medium
∇2En − ε
1(ωn)
c2
∂2En
∂t2
=
1
ε0c2
∂2PNLn
∂t2
(2.25)
As the field varies only in the z direction ∇2 can be reduced to d
2
dz2
.
d2A3
dz2
− 2ik3dA3
dz
=
−4deffω23
c2
A1A2e
i(k1−k2−k3)z (2.26)
In the slowly varying amplitude approximation, where | d2A3
dz2
 k3 dA3dz2 |, Eqn 2.26
becomes
dA3
dz
=
2ideffω
2
3
k3c2
A1A2e
i∆kz (2.27)
Where ∆k = k1−k2−k3, the wavevector mismatch. Eqn 2.27 is a coupled amplitude
equation which describes the variation in the amplitude of ω3 with respect to ω1 &
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ω2 as it propagates. Similar coupled amplitude equations can be derived for ω1 &
ω2 describing their spatial variation.
dA2
dz
=
2ideffω
2
2
k2c3
A3A
∗
1e
i∆kz (2.28)
dA1
dz
=
2ideffω
2
1
k1c3
A3A
∗
2e
i∆kz (2.29)
To examine the behaviour of Eqn 2.27 we differentiate it with respect to z such
that it becomes
d2A3
dz2
=
4ideffω
2
3ω
2
2
k3k2c2
A1A
∗
1A3 ≡ κ2A3 (2.30)
where κ2 is the real coupling constant. The solution to Eqn 2.30 has the form
A3 = P sinh κz +Qcosh κz (2.31)
where P and Q are integration constants. If we assume the boundary conditions
A3(0) = 0 and A2(0) has an arbitrary value, then a solution can be found that
satisfies the boundary conditions where
A2(z) = A2(0)cosh κz (2.32)
A3(z) = i
(
n2ω3
n3ω2
) 1
2 A1
| A1 |A
∗
2(0)sinh κz (2.33)
Thus A3 and A2 both grow monotonically as they propagate in the +z direction and
Figure 2.5: Schematic of optical parametric amplification.
hence, optical amplification can be achieved through a series of difference frequency
generation interactions.
If we consider, as above, two electromagnetic waves at frequencies ω1 and ω2,
which are referred to as the pump and signal waves respectively, both are incident on
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a nonlinear crystal. Furthermore, the intensities of these to waves are not equal, i.e.
|E1|2  |E2|2. These to waves will interact, through difference frequency generation,
to generate a third wave at ω3 = ω1 − ω2, (Figure 2.5), which is referred to as the
idler. For κz  1 the idler wave grows rapidly (∝ eκz) due to the high intensity of
the pump, and goes on to interact with the pump in the same fashion, i.e. DFG,
to create more radiation at the signal frequency ω2 = ω1 − ω3. Thus, through this
two-stage nonlinear process it is possible to amplify the weak signal wave and create
a new idler wave; this process is referred to as optical parametric amplification
[97, 99, 100].
2.2.3 Manely-Rowe Relations
If we take the coupled amplitude equations Eqns 2.28, 2.28 & 2.29 and substitute
intensity Ii for amplitude Ai using the relation Ii = 2niε0cAiA
∗
i (where i = 1, 2, 3),
it can be show that the spatial variation of the intensity of the waves is given by:
dI3
dz
= −8ε0deffω1Im
(
A1A
∗
3A
∗
2e
−i∆kz) (2.34)
dI2
dz
= −8ε0deffω1Im
(
A1A
∗
3A
∗
2e
−i∆kz) (2.35)
dI1
dz
= −8ε0deffω1Im
(
A∗1A3A2e
−i∆kz) (2.36)
= 8ε0deffω1Im
(
A1A
∗
3A
∗
2e
−i∆kz) (2.37)
Form these equations it can be seen that the dI3
dz
= dI2
dz
= −dI1
dz
and that the movement
of energy between the 3 waves is dependent upon their relative phases. If we define
the total intensity I = I3 + I2 + I1, then we can show that the total intensity is
invariant as the waves propagate.
dI
dz
=
dI3
dz
+
dI2
dz
+
dI1
dz
= −8ε0deff (ω3 + ω2 − ω1)Im
(
A∗3A
∗
2A1e
−i∆kz) = 0 (2.38)
It can also be shown that:
d
dz
(
I3
ω3
)
=
d
dz
(
I2
ω2
)
= − d
dz
(
I1
ω1
)
(2.39)
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The relations in Eqn 2.38, known as the Manley-Rowe relations, demonstrated that
the rate of creation of photons at ω3 is equal to the rate of creation of photon at
ω2 and the rate of destruction of photons at ω1. Furthermore, we can see that in
the absence of loss, the distribution of power between the waves is also governed by
these relations such that [140]:
∆P3
ω3
=
∆P2
ω2
= −∆P1
ω1
(2.40)
And hence, the limit of the power conversion efficiency from the pump ω1 to ω3 is
defined as
ηmax3 =
ω3
ω1
(2.41)
So, for THz generation the use of long wavelength pump sources confers a significant
advantage.
2.2.4 Parametric Oscillation
Parametric fluorescence is a spontaneous two-photon emission within a nonlinear
crystal at the level of optical noise. An Optical Parametric Oscillator is a laser
cavity resonator, which amplifies this fluorescence in the crystal, from within the
noise floor to an oscillating coherent signal, provided that the length of the cavity
corresponds to an integer number of half wavelengths of the fluorescent frequency
[97, 98]. Parametric fluorescence, which only occurs in the direction that satisfies
phase matching, is a quantum phenomenon, where two photons of frequencies ω2 and
ω3, the signal and idler frequencies, are spontaneously emitted within a nonlinear
crystal, which has a high-intensity coherent light beam of frequency ω1, the pump
frequency, incident upon it. From the conservation of energy [100]:
ω1 = ω2 + ω3 (2.42)
Byer and Herbst [98], note that “This prompted one chemist to call a parametric
generator a ‘photon cutter’.” In OPOs the assignation of signal and idler labels is
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quite arbitrary.
Figure 2.6: Schematic of an Optical Parametric Oscillator
Parametric fluorescence can be explained in terms of scattering of laser light
from polaritons. Polaritons are quasi-particles that behave as photon-phonon mixed
states. They occur when photon and transverse optical (TO) phonon wave fields
become coupled, due to intense laser light incident on an optical nonlinear material.
Near the resonant frequency of the TO phonon ωTO, polaritons behave as if they
were phonons, away from ωTO they behave like photons, creating both a signal and
idler photons parametrically from the pump photon [90, 99]. The split in energies or
frequencies between the signal and idler beams is tunable so long as the conservation
of momentum is observed, i.e. k1 = k2 + k3 where k is a vector; this is commonly
referred to as phase matching [100].
2.2.5 Performance
As stated above, OPOs are optical amplifiers, within a low loss optical cavity in
order to build up the initial spontaneous fluorescence into a coherent signal. Thus,
its performance is of particular interest. Below follows a brief treatment of a Doubly
Resonant Oscillator. The coupled amplitude equations Eqn 2.27 & 2.27, describing
the variation in amplitude of the waves as they propagate, have solutions in the
from
A3(z) =
[
A3(0)
(
cosh gz − i∆k
2g
sinh gz
)
+
κ3
g
A∗2sinh gz
]
e
i∆kz
2 (2.43)
A2(z) =
[
A2(0)
(
cosh gz − i∆k
2g
sinh gz
)
+
κ2
g
A∗3sinh gz
]
e
i∆kz
2 (2.44)
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g =
√
κ3κ∗2 − (
∆k
2
)2 (2.45)
κi =
2iω2i deffA1
kic2
(2.46)
Where g is the gain [99]. In the special case where ∆k = 0 Eqn 2.43 reduces to:
A3(z) =
1
2
A1(0)e
gz (2.47)
A2(z) ∝ A∗3(0)egz (2.48)
The parametric gain Eqn 2.45 can alternatively be defined in terms of intensity
as [99, 141]:
g =
√
Γ2 − (∆k
2
)2 (2.49)
where Γ is the damping or coupling constant, which is defined as [99]:
Γ2 =
ω3ω2|deff |2|E1|2
n3n2c2
=
ω3ω2|deff |2I1
n1n2n3ε0c2
(2.50)
The wave at ω3 experiences in a single pass a power gain defined as [99, 141]:
Gs(l) =
I3(0)
I3(0)
− 1 = Γ2L2 sinh
2gL
(gL)2
(2.51)
where L is the length of the crystal. Assuming that there is no loss and that depletion
of the pump is negligible this can be approximated as [99, 100]:
G3(L) =
1
4
exp(2ΓL) (2.52)
in the high gain limit, provided that the phase mismatch ∆k < g.
The threshold of oscillation in a Doubly Resonant Oscillator (DRO) cavity, where
the amplitude of the generated fields at least matches their initial state after one
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round trip, overcoming the cavity losses, can more generally be described as
A3(z) =
[
A3(0)
(
cosh gd− i∆k
2g
sinh gd
)
+
κ3
g
A∗2sinh gd
]
(1− l3) (2.53)
A2(z) =
[
A2(0)
(
cosh gd− i∆k
2g
sinh gd
)
+
κ2
g
A∗3sinh gd
]
(1− l2) (2.54)
where d is the length of the cavity and li is the round trip loss in the cavity, taking
into account the crystal absorption(αi), Fresnel losses (Rf ), and the mirror reflec-
tivity (Rm).
li = 1−RmRfeαid (2.55)
For a DRO cavity to oscillate Eqn2.53 must be satisfied simultaneously such that
cosh gd = 1 +
l3l2
2− l3 − l2 (2.56)
or in the low loss case l3, l2  1
g2d2 = l3l2 (2.57)
In the case of a single resonant cavity, i.e. where there is no feedback on the idler
l2 = 1 and low loss on the signal (l3  1), then the threshold condition increase
to g2d2 = 2l3. In the case of low loss the threshold condition for a singly resonant
cavity is considerably higher than a doubly resonant cavity, though singly resonant
cavities are often preferred for their higher stability.
To reach the oscillation threshold, the OPO must amplify the spontaneous para-
metric fluorescence approximately 1016 times from the level of noise [98], overcoming
the losses in the cavity. Above the threshold, the OPO oscillates, efficiently produc-
ing, coherent, continuously tunable signal and idler radiation.
2.2.6 Phase Matching
Phase matching is critical for the efficient generation of radiation in the majority of
second order nonlinear processes. While the frequencies are matched automatically,
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this does not imply phase matching. k, the wave vector, is described as below: [100]
ki =
2pini
λi
(i = 1,2,3) (2.58)
where n is the refractive index of the material at the wavelength λ; as before we
use the scalar approximation for convenience. As the majority of materials are
dispersive, the refractive index which is a function of wavelength n(λ) varies in
magnitude for different values of λ; thus, the phase matching condition is [100]:
2pin1
λ1
=
2pin2
λ2
+
2pin3
λ3
(2.59)
Physically, this implies that if these waves were to propagate collinearly, with the
same polarisation state, they would not be phase-matched (Figure 2.7).
Figure 2.7: Schematic of phase mismatch between pump signal and idler wave vec-
tors
If the wave vectors were phase-matched the signal and idler beam contributions
from each radiating dipole would add constructively along the entire length of the
crystal and the amplitude of the wave will grow with L2. If we consider the case of
Eqn 2.30, where the condition ∆k = 0 is not satisfied, the amplitude of the wave
emitted from the crystal is reduced. The phase mismatch is described as [100]:
∆k =
(
2pin1
λ1
− 2pin2
λ2
− 2pin3
λ3
)
(2.60)
The magnitude of A3, the emitted wave, can be found by integrating Eqn 2.27 from
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z = 0 to z = L, where L is the length of the nonlinear medium and is given by.
A3(L) =
2ideffω
2
3
k3c2
A1A
∗
2
∫ L
0
ei∆kz =
2ideffω
2
3
k3c2
A1A
∗
2
(
ei∆kL − 1
i∆k
)
(2.61)
Defining the intensity of the ωi wave as I1, the time average Poynting vector:
Ii = 2niε0c|Ai|2, (i = 1,2,3) (2.62)
The intensity of the ω3 wave at the exit face of the crystal is describe by:
I3 =
8n3ε0d
2
effω
4
3 |A1|2 |A∗2|2
k23c
3
∣∣∣∣ei∆kL − 1∆k
∣∣∣∣2 (2.63)
Where the exponential term can be recast as:
∣∣∣∣ei∆kL − 1∆k
∣∣∣∣2 = L2 sin2(∆kL2 )(∆kL
2
)2
≡ L2sinc2 ∆kL
2
(2.64)
So, intensity of the ω3 wave can be related to the intensity of the other two and
where the sinc2 term fully considers the effect of wave vector mismatch, such that
I3 is at a maximum when ∆k = 0
I3 =
8n3ε0d
2
effω
4
3I1I2
k23c
3
L2sinc2
∆kL
2
(2.65)
If the beams are not phase-matched, the generated signal and idler will contin-
ually change phase with respect to each other and the pump. As they change their
relative phases the energy moves between the generated frequencies ω3 & ω2 and
the pump ω1 or vice versa (Eqn 2.34), varying in a sinusoidal manner (Figure 2.3).
As such, the signal will not build up efficiently over the propagation length of the
crystal [100]. The period of this variation between the pump and the signal and
idler is defined as [100]:
∆kl
2
= pi (2.66)
where half of this period, lc, is the coherence length of the system.
By increasing the coherence length of the beams within the crystal, through the
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reduction or elimination of the phase mismatch, the efficiency of generation can be
improved by several orders of magnitude [100], so is highly desirable. If we rewrite
the phase matching conditions in term of frequency for DFG, it becomes
n1ω1
c
=
n3ω3
c
+
n2ω2
c
(2.67)
Consider the case, where n(ω) increases with ω (i.e. n1 > n2 > n3); we can show
that phase matching is not possible. First let us we write Eqn 2.67 to define n1 in
relation to the other terms for phase matching.
n1 =
n3ω3 + n2ω2
ω1
(2.68)
And use it do examine the refractive index mismatch n1 − n2
n1 − n2 = n3ω3 + n2ω2 − n2ω1
ω1
(2.69)
= (n3 − n2)ω3
ω1
(2.70)
In the case described, the left hand side of the equation n1−n2 must be positive, while
the right hand side n3−n2 must be negative, so there is no solution which will satisfy
this case. In real systems, a caveat exists where phase matching can be achieved
due to the anomalous dispersion around absorption functions, though this is rather
limiting. A more satisfactory and common solution it to make use of birefringence
as pioneered by Giordmaine [106], and Maker et al [107]. In birefringent crystals,
where different polarisations of light experience different refractive indices can be
exploited to counteract the material dispersion. A variety of cases exist dependent
upon the crystal structure, we will restrict ourselves to the case relevant for ε-GaSe,
which is a negative uniaxial crystal, where no > ne.
In negative uniaxial crystals the ordinary refractive index is experienced by
beams propagating parallel to the direction of the optic axis, regardless of polar-
isation. The extraordinary refractive index is experienced by beams propagating
perpendicular to the optic axis (c or z-axis) whose polarisation parallel in the plain
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containing the propagation vector k and the optic axis referred to as the extraor-
dinary polarisation. The magnitude of the extraordinary refractive index, ne(θ),
experienced by light with the extraordinary polarisation depends on its direction of
propagation relative to the optic axis
1
ne(θ)
=
sin2 θ
n2e
+
cos2 θ
n2o
(2.71)
The ordinary polarisation is perpendicular to the plane containing the propa-
gation vector k and the optic axis. In exploiting birefringence for phase matching,
the highest frequency wave ω1, which typically has the largest refractive index, is
given the polarisation that has the lowest refractive index, narrowing the refractive
index mismatch. In the case of uniaxial crystals this is the extraordinary polari-
sation. The remaining two waves ω2 & ω3 can be assigned either polarisation. If
both polarisations are the same and orthogonal to ω1, with ordinary polarisations,
it is referred to as Type-I phase matching. If ω2 & ω3 are orthogonal, then it is
referred two as Type-II phase matching. This example does not always hold, in the
case of many crystals, e.g. GaSe the THz frequencies have higher refractive indices
and would thus be assigned the extraordinary polarisation. Other factors can be
accounted for in the assignment of polarisations, such as reducing loss or limiting
the the size of the angles.
We can now rewrite the phase matching condition as:
ne(ω3, θ) = no(ω1)− no(ω2) (2.72)
As described above, critical phase matching, or referred to more generally as
Birefringent Phase Matching (BFM), can be achieved for a given combination of
signal and idler frequencies, at the angle where their refractive index ellipsoids in-
tersect [100]. We can find this angle, θ, by rewriting Eqn 2.72 in terms of Eqn 2.71
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for the case of Type-II phase matching.
sin2 θ
ne(ω3)2
+
cos2 θ
no(ω3)2
=
1
no(ω1)2
− 1
no(ω2)2
(2.73)
sin2 θ =
1
no(ω1)2
− 1
no(ω2)2
− 1
no(ω3)2
1
ne(ω3)2
− 1
no(ω3)2
(2.74)
The solution to this equation may not exist or be physically realisable, other exotic
phase matching types exist such as Type-0, where all wave have ordinary polarisa-
tions, or Type-IV where all waves have extraordinary polarisations. As the refractive
index is dependent not only on the direction of propagation in the crystal but also
on its temperature, it is possible through the rotation of the crystal and or the
variation of its temperature to tune what particular signal and idler pair is phase-
matched, and hence the frequency of the OPO output [100]. Some crystals possess
electro-optic susceptibility, which can also be used as a tuning method, as described
by Kreuzer [124].
A major drawback of this method is that many of the nonlinear crystals employed
for THz OPO’s, e.g. LiNbO3, are strongly absorbing at THz frequencies, and hence it
would be desirable to couple the signal beam out of the crystal in as short a distance
as possible. This can be achieved through non-collinear phase matching [98] (Figure
2.8). In this technique, each of the beams propagates at an angle with respect to the
Figure 2.8: Schematic of non-collinear phase matching between pump, signal and
idler wave vectors.
other, and phase matching is achieved through simple vector addition. In general,
for THz generation the pump and idler wavelengths are of a similar magnitude and
thus the angular difference in the propagation is quite small, (∼ 5◦). As a result,
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the angle of propagation of the signal beam is quite high (∼ 65◦) with respect to
the other two, and the optical path-length within the absorbing crystal is minimised
as it is coupled out from a side facet. These devices are often aligned such that the
pump and idler beams propagate close to the crystals surface, to maximise the effect
of this method. The signal and idler frequencies are tuned by adjusting the angle
between the pump and idler beams, and by extension so is the signal beam [98, 100].
On the downside, noncollinear phase-matching reduce the interaction length of the
3 waves.
2.2.6.1 Quasi Phase Matching
Phase matching can be achieved by another means where an additional k-vector is
introduced through the creation of a periodic structure or domain grating within
the nonlinear material. Referred to as Quasi Phase Matching, it was first proposed
in 1962 by Armstrong et al [110]; the first practical demonstration of quasi-phase-
matching through electrical means was by Yamada et al (1993) [142] who used
it to achieve SHG in a periodically poled LiNbO3 crystal. Periodic Polling is the
inversion of the domain structure in the crystal at regularly spaced intervals. This is
achieved through the one-time application of a high voltage (24 kV/mm) pulse (100
µs) through a set of lithographically patterned electrodes [142]. The period of the
electrodes and thus the period of the polling is determined by the phase matching
condition [100]:
∆k = k1 − k2 − k3 − kΛ (2.75)
where kΛ is the wave vector associated with the grating. k is defined as [100]:
kΛ =
2pi
Λ
(2.76)
where Λ is the grating period, which is the coherence length of the system in a
non-phase-matched case, lc [100]. The first OPO using quasi phase matching was
reported by Meyers et al [143] who demonstrated tunable generation in the mid-
infrared using Periodically Poled Lithium Niobate (PPLN). This technique allows
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the phase matching to be achieved with the 3 waves travelling collinearly; however,
as the THz signal is absorbed within the crystal in many instances, this is not
always a desirable situation. Slant Strip Periodic Polling, as reported on by Sasaki
et al [144], allows the pump and idler beams to remain collinear, maximising the
interaction between waves, with the THz signal beam propagating orthogonally
to the other two, the angled grating wave-vector compensation allowing for phase
matching (Figure 2.9). Thus the THz beam can be quickly coupled out from the
Figure 2.9: Schematic of Slant Strip Quasi-Phase Matching and vector diagram
[144].
side of the crystal, minimising absorption. As before, the required grating period Λ
and also the grating angle, α, can be calculated from the phase matching conditions
[144]:
kΛsin(α) = k1 − k2 (2.77)
and
kΛcos(α) = k3 (2.78)
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where k is a wave-vector in the usual form (Eqn 2.58 & 2.76). From these two
equations (Eqn 2.77 & 2.78) the solutions for α and λ can be shown to be [144]:
α = tan−1
(
k1 − k2
k3
)
(2.79)
and
Λ =
2pi
k1 − k2 sin
[
tan−1
(
k1 − k2
k3
)]
(2.80)
This particular technique, periodic poling by the application of high voltage across
electrodes, is only available for use with ferroelectric crystals. For other crystals
additional options exist such as diffusion bonded stacks and orientation patterning
[145, 146, 147, 148, 149, 150]. Quasi-Phase-Matching provides additional advantages
over birefringent phase matching, in that the crystal orientation can be selected to
optimise the nonlinear interaction, e.g. the d33 coefficient in LiNbO3, which can
only be accessed by QPM, is seven times larger than the d31 coefficient, accessible
by birefringence [105].
2.2.7 OPO Resonator Design
Optical parametric oscillator resonators come in a variety of different designs, de-
pending on the pumping scheme and whether they are singly or doubly resonant.
The most common type of OPO is a sequentially pumped Singly Resonant Oscillator
(SRO) [97] (Figure 2.10 A). In this scheme, the nonlinear crystal is placed within an
optical cavity whose length corresponds to an integer number of half wavelengths
of the frequency that has been chosen to oscillate, generally the idler. The cavity is
pumped from one end, through a dichroic input coupler that is transparent at the
pump frequency and highly reflecting at the idler frequency. At the other end of
the cavity is the output coupler, which is transparent at the signal frequency and
highly reflecting at the idler; though in some case a portion of the idler may also
be coupled out [97]. In a pulsed system, this can be further refined such that the
round trip time of the OPOs cavity is matched with that of the mode-locked pump
laser, allowing the pump and idler pulses to overlap continuously while propagating
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in the OPO resonator (Figure 2.10 B). This design is referred to as synchronously
pumped. The benefits of this design are higher peak powers, greater conversion
efficiency and improved beam quality [151]. It is common in this sort of scheme for
purposes stability to slave one cavity to the other through piezoelectric servos or
other similar devices. The second form of sequentially pumped OPOs is the Doubly
Resonant Oscillator (DRO) (Figure 2.10 C); in this cavity both the signal and idler
frequencies oscillate, with the input coupler being highly reflective for both, and
as required, transparent to the pump frequency. The output coupler may allow a
portion of one, or both, of the signal and idler to be ported out of the system. DROs
are more complex to construct, as two wavelength conditions must be satisfied. This
can be achieved by several different configurations: a signal cavity satisfying both
frequencies, two cavities intersecting each other, or alternatively, both the beams
travel collinearly through the nonlinear crystal and share one common mirror in the
output coupler, and then by means of a dichroic mirror placed within the cavity each
has separate highly reflective mirrors at the opposite ends of the resonator. Despite
the complexity of the DRO resonator, they possess an attractive advantage over
SROs, in that the threshold of oscillation is approximately two orders of magnitude
lower [105] as shown above (Eqn 2.57). As both the signal and idler experience gain
together, the threshold for oscillation is reduced by the reciprocal of the round trip
loss per resonance frequency, approximately 1% [97]. Where the DRO is pumped by
a tunable laser, variation in the pump frequency can effectively be used to tune the
output of the OPO [97] (Figure 2.10D). DRO cavities do suffer from some serious
drawbacks besides complexity; there are difficulties in achieving continuous tuning
and they often lack of stability.
A solution available to SROs, in order to overcome their disadvantage in relation
to the threshold of oscillation, is to place the nonlinear crystal intracavity with the
pump laser (Figure 2.10 F). This exposes the nonlinear crystal to a circulating optical
field that is approximately two orders of magnitude greater than that which would
typically be available from the output coupler of the laser. Increased conversion
efficiency and terahertz pulses with energies 25 times greater than that of otherwise
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Figure 2.10: Optic Parametric Oscillator Cavities: (A) Singly Resonant Oscillator
(SRO), (B) Synchronously Pumped SRO, (C) Doubly Resonant Oscillator (DRO),
(D) Pump-tuned DRO, (E) Pump-enhanced SRO, (F) Intracavity-pumped SRO
[97].
similar SRO configurations have been reported by workers using this method [152].
Various other schemes exist such as: ring cavities [153], which provide compact-
ness and improved stability for synchronously pumped or travelling wave systems,
and pump recycling schemes which have been reported to increase efficiency up to
four times as compared with other designs [154].
2.2.8 Output Coupling
Coupling of the THz beam from the nonlinear crystals is problematic due to their
high refractive indices. This leads to two forms of loss: the first is total internal
reflection at the crystal/air interface; the second is high Fresnel reflections. As an
example: LiNbO3 has a refractive index n(THz) = 5.2 [152], at an air interface
this leads to the critical angle for total internal reflection c = 11.09◦ and a Fresnel
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reflectivity R = 45.89 %. While non-collinear phase matching does produce a large
angle for the THz component, it is not sufficiently large to avoid TIR.
Several methods have been developed to overcome these drawbacks and couple
the THz radiation from the crystal into free space. In the first attempt to overcome
this [129], a corner was cut from the LiNbO3 crystal approximately normal to the
direction of propagation of the THz beam. While effective in overcoming TIR, this
did not address the Fresnel reflection and was limited to a small area, allowing only
a fraction of the THz to be coupled out (Figure 2.11).
Figure 2.11: Schematic Yarborough’s experimental set-up, showing the cleaved crys-
tal corner for THz output coupling [129].
Later, monolithic LiNbO3 crystals were produced with a grating cut in the side
facet [155], with a reported improvement in the output coupling of 250 times. How-
ever the propagation direction of the coupled output beam is wavelength sensitive,
with a variation in direction of 0.65◦/µm was reported [156]. Again, the area
covered by these gratings is generally small, limiting the amount of THz radiation
extracted.
Further improvements in output coupling efficiency were achieved through the
development of an array of right-angle Silicon (Si) prisms [156, 152], which is placed
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on the facet of the nonlinear crystal that the THz radiation is to exit from. The
angles of the prisms are cut so that the THz radiation will strike the face at near
normal incidence. Si has a refractive index n = 3.4; at the surface with the LiNbO3
this results in a critical angle c = 40.8◦, and reduces the Fresnel reflectivity to R =
4.38% and at the Si/air interface to R = 29.75%. The prism array is manufactured
to cover the complete surface of the exit facet of the nonlinear crystal and increases
the output coupling by a further 6 times; this could be improved with the addition
of Anti-Reflection (AR) coatings [1].
2.3 Nonlinear Optical Materials for THz Gener-
ation
A vast multitude of crystalline structures are known to the physical sciences, very
few of them are suitable for use in optical parametric generation. Byer tells us that
by 1969 22,000 crystals had been surveyed for their potential use in nonlinear optics,
of which only 100 had sufficient birefringence to be capable of phase matching, and
fewer again could be grown effectively or to a usable optical quality [105]. While
Byer’s comments refer to the time before the possibility of quasi-phase-matching,
through the advent of periodic polling and other techniques, it gives a handle on the
scale of the work and the difficulty involved in finding new optical crystals. Indeed
this difficulty was one of the drivers in the development of QPM technologies [105].
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Figure 2.12: The reported tunable ranges for DFG and OPO in a number of common nonlinear optical crystals including: MgOLiNbO3
[157, 1, 158, 159], GaP [160, 161], OPGaAs [147, 162, 163], OPGaP [164, 165], GaSe [166, 167, 168, 161] CdSe [169, 167, 170, 171] and
GaSex−1Sx[172]
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Of these crystals, fewer still are suitable for use in the THz regime. The growth
and development of new nonlinear optical crystals is a tedious, time consuming and
expensive pursuit often ending in frustration. Once a crystal can be grown it is not
sufficient to simply catalogue its properties and move on to the next. A survey of
the reported tuning ranges for OPO and DFG in common nonlinear materials is
presented in Figure 2.12.
There are a number of necessary properties for crystals to be useful in nonlin-
ear applications and in particular for use as OPOs, and considerable time must
be expended in meeting these requirements, though improvements of the growth
technology, the doping procedure and the growth processes. From the theory of
operation above, we can identify some of the requirements for good nonlinear con-
version efficiency. Examining the equation for parametric gain (Eqn 2.50) we can see
that the crystal should possess a large magnitude of second order susceptibility and
a high damage threshold to allow intense pumping. Large values of refractive index
are undesirable as they are an inverse cube factor severely reducing the gain. The
nonlinear Figure of Merit (FOM) is derived from the parametric gain as is describe
as
FoM =
d2eff
n1n2n3α2
(2.81)
where we use the figure of merit given by Shi [166, 93], which includes the absorp-
tion coefficient. It is also worth noting that from Eqn 2.50 we can see that the
gain is proportional to ω3ω2 and, as consequence, the gain in THz OPOs will be
considerable less than that for Near and Mid-IR devices. Examining the description
of intensity from Eqn 2.65 and Figure 2.3, the need for phase matching is clear,
which necessitates some birefringence. However, it should not be too strong, as
collinear interactions are highly desirable and the intensity of the generated wave
increases with the square of the crystal length [100, 173]. The advent of QPM has
reduced the need of birefringence from an absolute requirement. A low absorption
coefficient at both the pump frequency and within the proposed operational range
are required as gain is typically  1. To facilitate this the phonon band should lie
well away from the desired frequency of generation and the bandgap edge should be
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more than twice the pump frequency to exclude two phonon absorption. From the
Manley-Rowe relations (Eqn 2.41) it is clear that pumping at longer wavelengths
can have advantages in the efficiency of frequency conversion, but necessitated low
absorption in the Mid-IR.
Table 2.2: Nonlinear Figure of Merit (FOM) for a range of commonly used nonlinear
materials in the THz regime
Crystal Absorption nTHz nIR deff FOM
cm−1 pm/V
LiNbO3 10 5.2 2.2 25 2.5E-3
LiTaO3 500 5.2 2.2 13 0.3E-3
GaAs 5 3.35 3.35 61 3.7
GaP 2.2 3.2 3.1 37 9.2
ZnGeP2 3.4 3.1 3.1 75 10.8
AgGaSe 50 2.6 2.6 33 25E-3
GaSe 0.2 3.24 2.63 55 3375
GaSe:Er 5 3.2 2.56 75 10
GaSex−1Sx 0.2 3.2 2.59 30 1050
2.3.1 LiNbO3
The potential of LiNbO3 having been identified [117, 174, 119], significant effort
was devoted by Feigelson’s team at Stanford team to its growth, development and
improvement as a nonlinear optical material.
LiNbO3 and Lithium Tantalate (LiTaO3), are among the most commonly used
crystals for nonlinear generation. They have a trigonal crystal structure and possess
large nonlinear susceptibilities deff=25 pm/V for LiNbO3 and approximately half of
this for LiTaO3 [173]. LiNbO3 was the crystal used for both the first OPO [174], and
the first THz OPO [129]; it is the material that has been adopted for commercial
generation of THz through DFG and OPO [175]. Typically pumped in by Nd:YAG
laser, LiNbO3 is a mature optical material with good transparency in the range 0.4 –
5.5 µm and low two-photon absorption at the pump wavelength [90, 157]. In spite of
this, both have prohibitively large absorption coefficients in the THz regime, where
we propose to operate i.e. 3-10 THz, which is reflected by their low FoM. LiNbO3
has an absorption coefficient of approximately 10 cm−1 at 2 THz and 500 cm−1
in the case of LiTaO3 [173]. Absorption growth is near exponential at frequencies
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after this point due to strong broadly absorbing phonons with peak frequencies at
7-8 THz and the location of Reststrahlen band [176], leaving the effective upper
limit for THz generation in LiNbO3 and LiTaO3 at approximately 3 THz. Both
crystals are very strongly birefringent, so collinear propagation of pump and signal
is not possible [173]. The development of MgO:LiNbO3[90, 177, 1, 178, 179, 180]
and periodically poled LiNbO3 has improved efficiency through the possibility of
collinear propagation of the pump and idler waves in SRO cavities and has become
widely adopted [143, 181, 182, 183, 184, 158]. However, due to the high absorption
coefficient, coupling of the THz signal from the side of the crystal is still necessary.
2.3.2 GaAs and GaP
The III-V semiconductor family is another potential source of nonlinear crystals,
suitable for THz optical parametric generation. GaAs, and GaP, are both zincblende
crystals, having large χ(2) nonlinear susceptibility, deff 61 pm/V & 37 pm/V [173]
respectively, low absorption 4.5 cm−1 at 3 THz [185] and broad transparency ranges
(0.9-17 µm) [186], resulting in a good FoM and making them very attractive for
nonlinear applications. However due to their cubic structure, their birefringence is
too small for effective phase matching [173]. In order to overcome this and access
their nonlinearity, wafers of the crystals can be stacked in alternating rotation,
so as to effectively quasi-phase match the pump and idler [173, 147], in a similar
fashion to periodically poled LiNbO3. First proposed by Gordon et al [145] these
stacks are then diffusion-bonded to create a solid mass [173, 147]. The thickness of
the wafers may be any integer multiple of the coherence length of the two beams
[173]. Schaar et al [147] and Zheng et al [148] have reported on this technique
being used to generate THz radiation through DFG at 2.8 THz and 18.75 THz
respectively. This approach has a number of drawbacks: first, there is a limit to
the number of wafers that can be stacked [173], thus limiting the interaction length
and efficiency of conversion; second, at each of the wafer interfaces there is some
unavoidable scattering loss [173]. At 2 THz both GaAs and GaP have an absorption
coefficient of 5 cm−1 [173], and strong phonon absorption in the range 7-8 THz
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[187]. Another approach is Orientation Patterning [146] where the crystal is grown
epitaxially; after a sufficiently thick layer has been deposited, the crystal is rotated
and another layer grown on top and so forth. THz generation by means of DFG
in OP-GaAs has been reported in the range 0.5-4.5 THz [148, 147, 162, 164, 165].
Pumping of GaAs by means of fibre lasers has been demonstrated by various workers
[148, 147, 188, 163, 189]. Ready access to these materials is hindered by various
international agreements.
2.3.3 ZnGeP2
Zinc Germanium Phosphide (ZnGeP2) is the workhorse material of the Mid-IR with
a transparency range of 2-12 µm [190, 191, 192], high nonlinearity χ(2) = 75 pm/V
[193, 192] and good thermal conductivity [140]. Widely used in military applica-
tions, it is commonly employed in countermeasure systems. Pumping for ZnGeP2
is typically 2.09 µm Ho:YAG, with two phonon absorption being a major concern
[192, 191]. Growth and fabrication of high quality single crystals is challenging
[192, 191]. DFG in ZnGeP2 has been demonstrated in the range 0.21–3.74 THz
[194] and it has a good FoM for the THz region. However, access to higher fre-
quencies is limited by phonon absorption [194] with modes at 3.6, 4.26 & 6.06 THz
[195, 196].
2.3.4 Chalcogenides
The Chalcogenide family of compounds also provides some materials of interest.
Silver Gallium Selenide (AgGaSe), is a tetragonal nonlinear crystal with strong
birefringence permitting collinear phase matching. It has a large nonlinear coefficient
deff = 33 pm/V [197]. Silver Gallium Selenide (AgGaSe) has been used for nonlinear
SHG in the near and mid-IR, at 4-18 µm by Bianchi and Garbi (1979) [198]. However
in the proposed range of operation of this project there are a number of phonon
absorption peaks, 10 THz, 7.5 THz, 4.5 THz and 1 THz [199]. As a consequence
AgGaSe crystals have a low FoM and are effectively ruled out for purposes of this
project.
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Indium Telluride, (InTe) is an anisotropic crystal, displaying relatively strong
second order non-linear susceptibility; while not specified, it has been compared
to that of AgGaSe. Using Second Harmonic Generation (SHG), it was found to
produce approximately 50% of the intensity for a given pump [200]. The intensity
of the SHG was also reported to increase with an increase in crystal size, indicating
Type-I birefringent phase matching [200].
2.3.4.1 GaSe
We will focus on another chalcogenide crystal, Gallium Selenide (GaSe). Described
by Shi as “the best nonlinear optical material ever used” [93], ε-GaSe is a nega-
tive uniaxial crystal with hexagonal structure, a large χ(2) nonlinear susceptibility
(deff ≥ 54 pm/V ) [201, 173, 168], broad transmission band (0.6–20µm) and prodi-
gious birefringence (β = 0.39 at 1µm).
GaSe has the lowest intrinsic absorption co-efficient in the THz range of any
organice nonlinear crystal [168, 161] (0.2 cm−1 at 2 THz) [173] the crystal experiences
strong phonon absorption in the range 30 − −50 µm corresponding to 10–6 THz
[202, 203, 204]; outside of this region it is available as a source for THz, and is
significantly more efficient than the other commonly used crystals above, conversion
efficiencies greater than 50% and pulse energies up to 40 J have been obtained using
GaSe in the FIR [167]. As a consequence of these outstanding physical properties,
it is clear that for THz generation GaSe has the greatest figure of merit of the
commonly used crystals, several orders of magnitude higher than LiNbO3 [93], see
Table 2.3.
Almost the entire Mid-IR, THz and mm-wave range has been covered by DFG
in GaSe [161], generation of THz GaSe has been successfully demonstrated in the
ranges 0.18-5.27 THz [166], 15.78–33.31 THz [120] and 24.98-74.95 THz [129] via
DFG.
Two drawbacks exist for GaSe, the first of which is that when pumped in the near
IR around 1 µm two and multiphoton absorption can be a cause for concern at high
intensities, on the other hand GaSe’s wide transparency band allows for pumping
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at long wavelengths, e.g. CO2, which increases efficiency for THz generation from
the Manley-Rowe relations (Eqn 2.41).
The second and more serious drawback is that GaSe has poor mechanical proper-
ties [90] being extremely soft, 0 on the Mohs’ scale [205, 172], and due to its layered
structure with weak Van der Vals bonding it is inclined to cleavage [206, 161, 204,
205]. Despite the clear optical advantages over other materials such as ZnGeP2,
CdSe etc. being known since the 1970’s [104], the poor mechanical properties of
GaSe have continually hindered its widespread adoption.
Ordinarily this would also be a significant obstacle to wide frequency tuning as
the crystals can’t be processed at arbitrary angles; but it is compensated somewhat
by large birefringence and small phase matching angles for THz generation by type-I
interactions [104]. The small angles increase the interaction length for large aperture
beams, enabling the use of long crystals, 47 mm has been reported [161], increasing
the efficiency of generation [207].
2.3.4.2 Doped GaSe crystals
However, it is fortunate for us that GaSe crystals provides a flexible matrix for
doping with a wide variety of elements, including Aluminium (Al) [208, 209, 210],
Erbium (Er) [211, 212], Indium (In) [208, 213] Tellurium (Te) [208, 214] Sulphur
(S) and others[213, 205, 206, 204]. Doping of GaSe crystals with impurities can be
used to improve its mechanical properties. It also appears to be an efficient method
of engineering the crystal’s optical properties through close control of the doping
concentration.
An effective doping method for GaSe, allowing the incorporation of large quan-
tities of the dopant into large high quality single crystals, is growth of solid solution
crystals. Solid solution crystals are grown from the melt of isostructural binary
compounds e.g. GaSe:GaS. To use this technique successfully there are several re-
quirements, the dopant should be an isovalent element e.g. S, In and Te which forms
isostructural compounds e.g. GaS, InSe and GaTe [215]. GaS does not typically
form an isostructural compound, being inclined to crystalise in the β-polytype; how-
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ever, the ε-polytype is known to exist. Thus the grown GaSex−1Sx solid solution
crystals will have the ε-polytype while GaSe is the principal component, the GaS
crystal adapting to the GaSe lattice structure. Al, while isovalent, does not form
a binary compound e.g. AlSe, and Er forms a binary but not an isostructual com-
pound ErSe which has a cubic lattice [215]. It remains possible to dope with these
two elements but the included quantities are much reduced.
Al-doping leads to increased hardness, 2 mass % has found to be the optimal
concentration, furthermore it be used to control free carriers. The increased hardness
enables arbitrary cutting and polishing of the crystals. But even relatively low
Al-doping reduces the optical quality of the crystals [208, 209, 210], reducing its
attractiveness for use in OPOs.
Er-doping has been found to enhance the nonlinearity of the crystals, its large
atoms perturb the crystal lattice structure [211, 212] . Erbium doping is also found
to reduce the intensity of the phonons in the range 19–22 µm shifting the longwave
edge to lower frequencies [211, 212]. On the other hand, transmission in the near IR
was negatively effected, increasing losses at common pump frequencies. While an
increased nonlinearity appears initially attractive, the simultaneous shifting of the
phonons to longer wavelengths with Er-doping is highly undesirable. This shift will
have a large negative effect the ability to generate higher frequency THz radiation
efficiently and even a modest increase in absorption has a major impact on the FoM
(see Table 2.3).
In-doping of GaSe has much improved mechanical properties allowing it to be
cut in arbitrary crystallographic directions and optically polished [213, 204]. Feng et
al (2008) [205], have reported on efficient SHG in the near and mid-IR from GaSe:In
pumped with a CO2 laser. On the other hand In doping shift the shortwave edge
to longer wavelengths increasing multiphonon absorption for near-IR pumping. In-
doping is found to have only a weak influence on the dispersion properties [208, 204]
and the nonlinear properties remain largely the same deff = 50 pm/V [204].
Te doping leads to minor increases in nonlineariy for small quantities, but has
little influence on the mechanical properties of the crystals [214] but in common
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shifts the short wave edge to longer wavelengths increasing absorption at the pump
wavelengths [208], while also reducing the damage threshold [214]
In the case of AgGaSe-doped GaSe a significant enhancement of the χ(2) tensor
over pure GaSe has been reported, deff = 75 pm/V [206], but the optical quality is
severely effected. Ag-doping tends to feature scattering centres, consisting of pure
silver. Attempts to eliminate these through annealing have been reported to result
in cracked crystals [206]. Considering the FoM, and in common with Er-doping, the
significant increase in nonlinearity achieved by AgGaSe-doping does not compensate
for the related increase of absorption (see Table 2.3), and the poor quality of the
crystals precludes the use ofAgGaSe crystals.
Sulphur-doping is found to improve the mechanical and optical properties of the
GaSe crystals, reducing the mid-IR optical absorption coefficient by a factor of 2-3
[216, 217, 218], while increasing the optical damage threshold fivefold at the optimal
mixing ratio [216, 217]. The optical properties in the THz range are also found to
improve [172]. On the other hand, negative effects of S-doping on the optical damage
threshold and on frequency conversion efficiency have been reported [219, 220], that
reflect doping-induced degradation in optical quality.
The short wave transparency edge of GaSex−1Sx crystals shifts towards shorter
wavelengths, thus reducing the two-photon absorption for the near-IR pump [221,
217] and cause changes in phase matching conditions that improve frequency con-
version efficiency [222]. It was also predicted and confirmed experimentally that the
uncommon eee Type-IV interaction can be realised in both pure and Sulpher doped
Gallium Selenide crystals [219, 209]. Composition-dependent changes in the THz
phonon absorption spectrum for o-wave were reported in [223, 224] but were not
confirmed by other researchers [219].
It has been reported that S-doping leads to a reduction in the nonlinearity [103],
and consequenctly the FoM, though it remains large (see Table 2.3). However,
the improvements in the optical quality lead to a reported increase in the nonlinear
frequency conversion efficiency over GaSe of up to 15 times [215]. This improvement
in efficiency, coupled with the improved mechanical properties makes GaSex−1Sx a
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much more attractive prospect for field applications than the pure GaSe crystals
[216, 172, 217, 222, 225, 226].
2.4 THz / FIR OPO and DFG Current state of
the art
Relatively few THz OPOs have been developed; a survey of the peak powers reported
for OPO and DFG in a number of common nonlinear optical crystal is presented in
Figure 2.13.
LiNbO3 remains the leading material for the generation of THz in OPOs thanks
in no small part, to the ease of pumping with a single laboratory workhorse laser
like Nd:YAG [171], the maturity of the material process, and the considerable time
invested in the development of these instruments. Optical to optical conversion
efficiencies of 50% have been found for the THz regime in pulsed OPO’s tunable 1-3
THz [1], where an upper tuning range of 3.1 THz has been reported [159]. CW OPOs
generating microwatts of power in the range 1.2–2.9 THz [158], and fibre pumped
systems generating at 1.48 THz have been developed [179]. Narrow linewidths are
possible in LiNbO3 OPO with reports of 1 MHz for CW systems [183] and ≤ 5 GHz
for pulsed systems [178] making them suitable for spectroscopy. LiNbO3 OPOs are
the most common form commercially available OPOs and THz systems are produced
by MSquared Laser, Glasgow, UK [175]. Their “Firefly” instrument is tunable 1.2-3
THz and based on the systems developed by Dunn et al at University of St.Andrews
[175].
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Figure 2.13: The reported peak powers for OPO and DFG in number of common nonlinear optical crystals including: MgOLiNbO3 [157, 1,
158, 159], GaP [160, 161], OPGaAs [147, 162, 163], OPGaP [164, 165], GaSe [166, 167, 168, 161] CdSe [169, 167, 170, 171] and GaSex−1Sx[172]
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ZnGeP2 and CdSe are commonly used for nonlinear optical frequency conversion
in the FIR normally implemented by DFG down to 22 µm [170]. ZnGeP2 OPOs
have been realised in the mid IR with a range 4–10 µm [104, 227, 228] and CdSe
OPOs are found to have higher oscillation threshold than ZnGeP2 due to the re-
duced magnitude of the nonlinear optical coefficient [228]. DFG in ZnGeP2 has
been demonstrated in the range 0.21–3.74 THz [194] and 0.8–2.45 THz [229] gen-
erating milliwatt outputs. However, phonon bands preclude its use at higher THz
frequencies.
CW intracavity DFG in OP-GaAs a doubly resonant ring cavity has been de-
veloped by Keissling, with tunablity in the range 1–4.5 THz, narrow linewidth (10
MHz), and a 25 µw output [162]. Pulsed DFG systems have been developed with
slightly lower tuning range 0.5-3.5 THz generating milliwatt outputs [185]. Ding has
reported on pulsed DFG in the range 0.455-3.91 THz using op-GaP [165].
Organic crystals such as DAST feature, high nonlinearity 200 pm/V and low
refractive index and widely tunable generation 0.7-25 THz by DFG has been reported
[230]. However DAST suffers from low damage threshold and a lack of robustness.
Large high quality single crystals are difficult to fabricate.
Pulsed THz generation in GaSe by DFG can produce widely tunable narrow
band pulses [231, 172]. Tuneablity has been demonstrated in the range 56-5660 µm
[166, 168, 161] with narrow linewidths (< 50 MHz) [165] but reported result for
output powers (10’s of µW) [231, 207] have not met expectations with regard to
output power due to poor crystal quality [231], which is strongly dependent on the
growth technology and the effects of free carriers which should also be controlled.
The generation of THz radiation in doped GaSe crystals is a new development with
the first case of THz DFG in GaSex−1Sx been reported by Huang et al in 2013. A
tuning range of 0.57-3.57 THz with a linewidth of 100 MHz was reported, with an
average output power of micro-watts [172].
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2.5 Summary
In this chapter we have charted the development of the field of Nonlinear Optics,
presenting a brief overview of the theory of DFG and OPO devices, and examining
some of the key parameters for their efficient operation. We have also presented a
survey of commonly used nonlinear crystals in the FIR and THz regions, detailing
their properties with respect to the requirements of the efficient nonlinear frequency
conversion by DFG or OPO via the nonlinear Figure of Merit. GaSex−1Sx is iden-
tified as our preferred material for study, development and exploitation, due to its
outstanding optical properties (i.e. large birefringence, low absorption & ultra-broad
transparency), large Figure of Merit and improved mechanical properties compared
to GaSe. A brief review of the state of the art of DFG and OPO devices for THz
generation is presented.
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In this chapter we will briefly describe the operation of National Physical Labo-
ratory (NPL)’s THz-TDS, and discuss the important factors in achieving accurate
determination of the optical properties of GaSe crystals. We outline a rule of thumb
selection criteria for measurement data, suitable for use in the formulation of Sell-
meier equations and phase matching curves. We present the results of absorption
and refractive index measurements of GaSe, GaS & GaSex−1Sx crystals for o & e-
waves in the THz regime, discuss their implications on the nonlinear Figure of Merit,
and identify the most suitable dispersion equations of use in the THz regime. The
transformation of the optical properties of the crystals and their phonon structure
with respect to doping content is studied. The optimal doping level for GaSex−1Sx
crystals is estimated.
While extensive studies have been conducted into pure GaSe, the optical proper-
ties of GaSe have been published in over 1300 papers [232] and are largely concerned
with the o-wave. The results within the literature are highly scattered and, it maybe
assumed, dependent upon then technological state of the art for crystal growth, on
the measurement facilities, and on the length of crystals studied. To a lesser extent
the various doped GaSe crystals have been studied and again the data available is
not consistent [219, 233, 234]. Due to difficulties in accessibility and limited process-
ing capability, absorption spectra for e-wave (i.e. absorption anisotropy properties)
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in GaSex−1Sx crystals in the THz range have only been studied for 6 and 7 mass %
of sulphur [209, 219]. In these studies and from measurements at fixed frequencies
[194, 172] it was established that o-wave absorption (αo) is greater than e-wave ab-
sorption (αe) at THz frequencies in common with the results for pure GaSe. The
significant absorption anisotropy suggests that e-wave generation should be the more
efficient option for THz applications.
In the present work, we report, for the first time to our knowledge, detailed
Terahertz - Time Domain Spectroscopy measurements of o- and e-wave absorp-
tion spectra and absorption anisotropy in the 0.3-4.0 THz range for GaSex−1Sx. A
modified vertical Bridgman method was employed by colleagues in the Laboratory
of Crystal Growth, Institute of Geology and Mineralogy SB RAS, Novosibirsk, to
manufacture a dense set of high quality single solid solution crystals of GaSex−1Sx,
(x = 0, 0.05, 0.11, 0.22, 0.29, 0.44, 1) [235, 236]. The mixing rations were selected to
include key vales, x = 0.44 the maximum mixing ration possible while maintaining
the ε-polytype [237, 238]; and x = 0.11-0.22 have been found to be the most efficient
for THz generate [216, 217].
3.1 Introduction to THz-TDS
Of the THz techniques currently in use, Terahertz - Time Domain Spectroscopy
(THz-TDS) has emerged over the past 10 years as the most popular, finding widespread
usage across the natural sciences, and in many engineering and technology appli-
cations. Indeed it may now be regarded as the industry standard method in the
frequency range 0.1 - 4.5 THz. This rapid proliferation is in part due to the avail-
ability of relatively reliable and inexpensive, turn-key, commercial of-the-shelf, bench
top systems and data analysis software. Of course, THz-TDS has many attractive
features apart from its physicist-free operation.
THz-TDS systems share the advantages common to all THz methods outlined
in the introduction; briefly, many materials are transparent to THz radiation, many
materials possess molecular resonances at THz frequencies, and semiconductor sys-
tems have electronic transitions resonant with THz photon energies [239]. As a
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spectroscopy technique THz-TDS surpasses conventional alternatives such as FTIR
in several respects [239, 240]. The sources emit single-cycle THz transients and, as
such, are very broadband, and may span 5 THz [241, 239, 242]. Though the average
power is low, thanks to the high spatial coherence, the source brightness exceeds
that of conventional thermal sources [241, 239, 242]. The optically gated detection
scheme is extremely sensitive, typical SNRs of the order of 1000-5000, and require
no cooling or shielding [241, 240]. Finally, the detection is coherent i.e. both the
phase and amplitude of the E -field is recorded, so the complete complex dielec-
tric constant may be readily extracted without recourse to Kramers-Konig relations
[240]. Furthermore, as a short pulse, time-resolved, method THz-TDS is well suited
to pump probe experiments.
3.1.1 Background
Terahertz - Time Domain Spectroscopy grew out of efforts to generate and de-
tect ultrashort electrical pulses in transmission lines on semiconductor substrates.
Several groups were involved including: Grischkowsky, at IBM Watson Research
Center, Auston at Columbia University and Nuss, at Bell Labs. It was realised
that, as a result of the time varying electrical currents on the transmission lines,
they were acting as antenna and radiating electromagnetic pulses. In 1988, Smith,
Austin and Nuss demonstrated the generation of ultrashort, sub-picosecond, pulses
in these photoconductive antennae, sometimes referred to as Auston Switches. The
pulses generated by the Tx antenna propagated through free space and were de-
tected in a similar fashion by another complementary Rx antenna [243]. The fre-
quency bandwidth of the detected pulses was < 0.1− > 2 THz [243]. Fattenger and
Grischkowski preformed similar experiments, integrating optical components and
achieving diffraction-limited THz beams [244, 245]. From this point forward, it was
possible to construct instruments. With the simple placement of the a test sample
between the emitted and detection antennae Terahertz - Time Domain Spectroscopy
was realised [246].
In the intervening decades and with intensive study, alternative methods of gen-
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Figure 3.1: Schematic of Smith, Auston & Nuss original THz-TDS setup [243]
erating and detecting THz transients for THz-TDS applications have been devel-
oped, such as: biased photoconductive emitters, electro-optic detection [247, 248,
249, 250], optical rectification in electro-optic crystals [251], air-plasma generation
[252, 253, 8, 254, 255, 92] etc. though photoconductive antennae remain the most
common method employed in commercial systems.
3.1.2 NPL’s THz-TDS
NPL’s THz-TDS is a home-built research instrument, constructed using the standard
configuration, presented in Figure 3.2. The pump laser is a mode-locked Ti:Sapphire
laser (Femtosource) with a pulse length of 20 fs, a center wavelength of 800 nm, and
producing an average power of 450 mW.
The terahertz radiation source is a home built biased photoconductive emitter.
The electrodes are painted onto a semi-insulating GaAs substrate, using 300 µm
Silver dag with a 1 mm gap between them. The GaAs substrate is mounted onto
copper blocks, which facilitate cooling of the emitter and form the outer electrodes.
The voltage source (Zomega) supplies a bias voltage of 205 V, across these electrodes,
with unipolar modulation of 10 kHz. Producing a linearly polarised beam with an
average power in the range of µw.
The THz radiation is guided through the system by a set of four off-axis 90◦
parabolic mirrors, as shown in Figure 3.2. All four mirrors have the diameter of
75 mm; mirrors M1 and M3 have an effective focal length of 25 mm, and 75 mm
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Figure 3.2: Schematic of NPL’s Terahertz - Time Domain Spectroscopy system
for mirrors M2 and M4. In the collimated section of the beam between mirrors
M3 and M4 the nominal beam waist is 25 mm. The short focal length and large
diameter of mirror M1 allows for a sufficiently large fraction of THz radiation to be
collected from the emitter, dispensing with the need for a silicon hyperhemispherical
lens. The focal point between mirrors M2 and M3 is used primarily for imaging, or
occasionally for spectroscopy of small objects. The collimated beam between M3
and M4 is primarily used for transmission spectroscopy measurements, which avoids
errors arising from beam distortion that may be caused by placing a sample at the
beam focus [8]. This nominally collimated beam section, which is 775 mm long
allows of additional mirrors to implement a reflection geometry.
The THz pulses are detected electro-optically, using a 0.5 mm thick (110) ZnTe
crystal, placed at the focus of M4, and balanced Si photodiodes (Nirvana).
NPL system has been calibrated for detection linearity, frequency and beam
shape [256, 257, 258, 259, 260]; work is on-going with NPL’s German counterpart,
Physikalisch-Technische Bundesanstalt (PTB), to determine an absolute calibration
of power [261]. A well calibrated instrument is particularly important for the mea-
surement of GaSe crystals as the data is widely scattered, in particular in the THz
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region. One of the origins of this scatter is the wide variation in the quality of
the crystals and the technological control of their defects available in the growth
process. However, an ongoing round robin intercomparison study lead by Naftaly
et al at NPL has shown that even amongst THz-TDS specialist groups considerable
variability is found in the measurement of “standard” THz materials [262, 263], the
details of which are the subject of a forthcoming paper. Hence, it is likely that
measurement process is another significant source of scatter in the data and we will
pay particular concern to the careful performance of the measurements to reduce
uncertainties.
(a) THz-TDS Spectrum (b) Beam Shape
(c) Frequency Calibration (d) Linearity Calibration
Figure 3.3: Spectrum, beamshape and artefacts for calibration of NPL’s Terahertz
- Time Domain Spectroscopy system
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3.1.3 Operation of THz-TDS
In the case of NPL’s THz-TDS, a single cycle pulse of THz radiation is generated
through the excitation of a home-made Gallium Arsenide photoconductive emitter
(described above), by a portion of the femtosecond laser, the pump beam. When
light from the laser is focused on the gap between the electrodes it excites charged
carriers into GaAs’s conduction band, these carriers are then accelerated across the
gap by the applied bias voltage. The acceleration leads the charged carriers to
radiate, in a pulse lasting several picoseconds, at THz frequencies. The radiated
field of the THz pulse ETHz is proportional to the time derivative of the induced
photocurrent Jpc and given as [264]:
ETHz ∝ dJpc
dt
= qc
dNc
dt
vc + qc
dvc
dt
nc (3.1)
where qc is the carrier charge,
dNc
dt
is the change in charge density and dvc
dt
is the
charge acceleration. These THz pulses propagate through the system illuminating
the object under test. The remainder of the laser beam, the probe beam, propagates
along an optical delay-line and into a ZnTe electro-optic detection scheme, collinear
with the transmitted THz radiation.
The fs pulses from beam probe propagate collinearly with the much longer THz
pulse (ps) as they interact in the ZnTe. The THz pulse induces a change in the
refractive index of the ZnTe (the electro-optic effect), which rotates the polarisation
of the probe beam’s fs pulse, where the phase retardation is described as [264]:
∆φ =
2piL
λprobe
n3probereffETHz (3.2)
where L is the length of the crystal, n is the refractive index and reff is the effective
electro-optic coefficient. Using a Wollaston prism the vertical and horizontal com-
ponents of the probe beam can be separated and the differential signal is detected
using a pair of balanced photodiodes. The differential signal between the two beams,
is proportional to the induced phase retardation of the probe beam, and hence, is
proportional to the amplitude of the E -field of the THz pulse. For small values of
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∆φ a linear relationship with the detected signal can be assumed, given as [264]:
∆I
I
= sin∆φ ≈ ∆φ (3.3)
By sweeping the delay-line, phase and amplitude of the THz pulse at each point
may be determined. THz-TDS systems may be used in either transmission or reflec-
tion, though in our instance all measurements will be in the preferred transmission
configuration.
For each sample, a series of time-domain spectra, f(t), are recorded and a sim-
ple average then taken over the series. Using the FFT algorithm we obtain the
frequency-domain spectrum, F (ω), from which the absorption and refractive index
spectra maybe calculated. To determine the refractive index spectra of the measured
samples, it is first necessary to determine the phase-difference due to the sample’s
presence in the beam path with respect to frequency ∆ψ(ω) as given by:
∆ψ(ω) = ψ(ω)ref − ψ(ω)sample (3.4)
where ψ(ω)ref and ψ(ω)sample are the phase curves of the reference spectrum,
F (ω)ref and the sample spectrum, F (ω)sample, respectively. The refractive index
spectrum n(ω) may now be described by:
n(ω) = 1 +
c
ω · d∆ψ(ω) (3.5)
Where c is the speed of light, ω is the frequency and d is the sample thickness.
In order to calculate the absorption spectrum of the sample α(ω) it is first necessary
to calculate the amplitude ratio A(ω) of the two recorded spectra:
A(ω) =
A(ω)sample
A(ω)ref
(3.6)
WhereA(ω)sample andA(ω)ref are the amplitudes of the recorded spectra F (ω)sample
and F (ω)ref respectively. By combining the results of Eqn 3.4, 3.5 & 3.6, the ab-
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sorption coefficient for the sample α(ω) maybe be described by Eqn 3.7
α(ω) = −2
d
ln
{
A(ω) · [n(ω) + 1]2
4n(ω)
}
(3.7)
These measurements and calculations were performed on the range of samples
available and the results for refractive index and absorption are presented below.
The resolution of THz-TDS system is dependent upon the length of the measurement
by the relation ∆ν =
c
2L
, where c is the speed of light in vacuum and L is the length
of the scan. In typical operating conditions NPL’s THz-TDS is scanned for 40 mm
(13.3 ps) leading to a resolution ∆ν = 3.75 GHz [265]. The measurements were
performed with a resolution of 3.75 GHz unless otherwise stated, at 300 K and
ambient atmospheric pressure, in a dry air environment, to exclude the effects of
water absorption.
3.2 Metrological Methods and Data Selection
Figure 3.4 depicts a selection of our early THz refractive index and absorption
spectra for GaSe and doped GaSe samples as measured by NPL’s calibrated and
well aligned Terahertz - Time Domain Spectroscopy, described in detail above. The
crystal samples were placed in the focus of the THz beam owing to their small size.
Features of particular note are the phonon associated with the ridged layer mode
E ′(2) centred at 0.595 THz the E ′′(2) mode of GaSex−1Sx crystals at 1.78 THz and
the mode at 2.7 THz. The E ′′(2) mode of GaSex−1Sx is due to the Sulphur doping
suppressing the ridged layer mode E ′(2).
As can be clearly seen, these early results, although reasonable care was taken in
their measurement, are of a poor quality, and are in clear disagreement with various
aspects of the literature, the values of refractive index for the GaSex−1Sx crystals
are too small and change non-linearly with sulphur content, and for Te doped GaSe
(0.05%) values are wildly inaccurate below 2 THz; furthermore phase unwrapping
errors can be observed at 3.4 THz in GaSex−1Sx S = 4%. However, as stated above,
despite extensive studies of the optical properties of GaSe, the values given in the
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(a) Refractive Index
(b) Absorption
Figure 3.4: Early refractive index and absorption spectra for GaSe, AgGaSe, and
GaSe doped with Sulphur (S) and Tellurium (Te)
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literature as with those recorded in our early measurements, remain scattered and
often contradictory, in particular for the THz regime. The consequences of this
scattered data is the inability to select the best crystal for use in nonliner frequency
conversion at THz frequencies, and when in use the variability of the Sellmeier
equations and phase matching curves lead to difference in the generated wavelengths
of 100s of µm. Moreover, it is not possible to methodically improve the doping and
growth process of crystals for use at these frequencies when the fractional changes
required for optimisation are lost in the measurement to measurement variation.
Thus the question arises “How can we identify valid experimental data?” in order
to bring some certainty to the optical properties of GaSe.
3.2.1 Fabrication of GaSe1−xSx High Quality of Crystals
To accurately determine the optical properties of GaSe, GaS and GaSex−1Sx it is im-
perative to have the best available quality crystals with well controlled parameters.
Such crystals were specially grown by colleagues in Laboratory of Crystal Growth,
Institute of Geology and Mineralogy SB RAS, Novosibirsk, using modified vertical
Bridgman methods, technology and equipment they have pioneered [235, 236, 266] .
The effort to achieve crystal quality should begin with the raw material i.e.
Ga 99.9997, Se 99,99 and S 99.95. These elements were further purified through
remelting in a continuously evacuated ampoule. The determination of the mass of
the stoichiometric charge of Ga and Se, and for GaSex−1Sx nominal sulphur content
x = 0, 0.01, 0.05, 0.11, 0.22, 0.29, 0.44 was performed with an accuracy of ± 0.1
mg. To minimise the quantity of rest gases and reduce the interaction between them
and the melt, the ampoules were heavily loaded, in-excess of 65%. The ampoules for
growth and synthesis were evacuated to a residual pressure of≈ 10−4 Torr. Following
a period of melt (crystal material in liquid form) homogenization, the temperature
was decreased slowly (approx 10 K/h) to 1198 K, 40 K below the melting point
of the crystal, i.e. GaSe. At this point the furnace is switched off. The resulting
ampoules of synthesised large grain polycrystalline materials with various sulphur
concentrations is shown in Figure 3.5
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Figure 3.5: Synthesised polycrystalline material in ampoules
For the final crystals, unseeded growth was realised using a modified vertical
Bridgman method with heat field rotation [266, 217]. The growth was without
a seed due to the difficulty in preparing undeformed examples. The previously
synthesised polycrystalline materials are loaded into cylindrical single wall quartz
ampoules. The ampoule is placed into the furnace which has a temperature gradient
of 15 K/cm at the estimated level of the crystallization front. After homogenization
of the melt at the temperature of 30 K above the melting point, the ampoule was
mechanically lowered at the speed of 10 mm/day. Further details of the synthesis
and growth processes have be reported in our publications [267, 268, 269].
In order to avoid contamination, the melt should be protected from contact
and interaction with the ampoule’s walls. This is achieved by coating the internal
surfaces with pyrolytic carbon. The carbon coating permits the easy, and without
deformation, removal of the soft crystals from the the ampoule to which it might
otherwise adhere.
A visual inspection of as-grown crystals indicates their high quality. Crystals
showed consistent colour along their whole length. There is no or only small eutectic
regions present on the top surface of the crystal as seen in Fig 3.6. This is a result of
the heat field rotation which is effective in improving convection during the growth
process, ensuring a good distribution of components throughout the crystal.
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Figure 3.6: As grown GaSe crystal, showing consistent colour and small eutectic
region to the above the red line .
3.2.2 Preparation of High quality Crystal Samples
Two types of GaSe, GaS and GaSex−1Sx samples were fabricated for this study.
The first type was cleaved from as-grown boules, i.e. it had faces orthogonal to the
c-axis, so that a beam traversing the sample propagated parallel to the c-axis (‖ c).
In the cleaved GaSe, GaS and GaSex−1Sx the 001 surface is atomically flat, so that
the surface finish of these easily cleaved crystals is suitable for the study of optical
properties [270, 210].
The second type of sample was cut so that a traversing beam propagated or-
thogonally to the c-axis (⊥ c). These samples were prepared both at NPL and by
colleagues in the Laboratory of Crystal Growth, Institute of Geology and Mineral-
ogy SB RAS, Novosibirsk. The samples were manufactured by immersing a section
of the as grown boule in methyl acrylate monomer mixed with a thermo-initiator
and placing it in an oven for polymerization. Once cured, the polymer supported
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the crystal structure sufficiently such that it may be cut along arbitrary crystallo-
graphic directions. For our studies the boules were cut perpendicular to the growth
layers (⊥ ~c) by a thin diamond blade saw providing axis to both the o & e - wave
components. The surfaces were polished with fine particles (0.8-1.2 µm), fraction
separated from POLYRIT powder (ErmakChem Co., Russia) [267, 235, 268], or in
the case of the locally fabricated samples by 9 µm particles.
The produced samples of both types were free of precipitates, broken layers,
dislocations, micro bubbles, or other visual defects Fig 3.7. A variety of thicknesses
were produced in the ranges of < 1 mm to 1-2 mm.
(a) Cleaved (b) Cut and Polished
Figure 3.7: Cleaved GaS, and cut and polished GaS mounted in polymer
3.2.3 Crystal Quality
In the first instance, high quality samples are required. The growth of high quality
crystals is described in brief above. The samples selected for measurement should
be monocrystalline and uncontaminated, of high optical quality, free from cracks,
inclusions, and local deformations. For samples cut and prepared along crystallo-
graphic directions, the polish should be of good quality and care taken to ensure
that the facets are plane parallel so as to exclude any scattering or wedge effects.
To insure the quality of the samples met these standards they were rigorously
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studied by a variety of methods, detailed below, by colleagues at the Siberian
Physical-Technical Institute of Tomsk State University, using the equipment of the
Tomsk Region Common Use Centre, including the XRF, EDAX, TEM and SEM
measurements. All measurements to characterise the properties of the GaSex−1Sx
crystal samples were conducted at 300 K.
3.2.3.1 Composition, Structure and Polytype
X-ray fluorescence analysis (XRF) was used to determine the Ga, Se and S content
of the samples. Measurements were performed using a X-Ray Fluorescence Spec-
trometer (Shimadzu XRF 1800) with an accelerating voltage of 40 kV, a current of
95 mA, a detection limit of ≈ 10−6, a scanning step of 0.1◦, and a scanning speed of
8◦/min. To provide additional confidence in the results, samples with a known com-
position of Ga/Se/S powder were used as reference samples; the standard deviation
was below 0.05 %.
The results were further verified by Energy-Dispersive X-ray Spectroscopy (EDAX)
measurements of elemental composition using an EDAX ECON VI micro analyzer.
An X-ray diffractometer Shimadzu XRD 6000 (Japan), and a transmission electron
microscope (TEM) CM12 (Philips, Netherlands) were used in the Selected Area
Electron Diffraction (SAED) method to analyse the structure. Only Ga, Se and S
peaks were seen in the EDAX spectrum, indicating the high purity of the grown
crystals. EDAX spectra recorded while scanning the surface confirmed the uni-
form distribution of the sample composition. The analysis showed that the average
atomic ratio of Ga:Se:S was close agreement with to the composition of the charge
placed in the boules. The diffraction patterns clearly confirm the high quality of
the ε-polytype crystalline structure (point group symmetry 62m), which is similar
to that of ε-GaSe widely used for THz applications. For further details please see
[271].
Crystal polytype was initially determined by using a nonlinear optical method,
(i.e. second harmonic generation from a CO2 laser pump) [214]. Polymorphism
is the ability of materials to exist as several different crystal structures. A special
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case of polymorphism is polytypism, where the structure of the crystals varies in
only one dimension, in layered crystals like GaSe we can think of this as different
stacking options of the fundamental blocks. The nature of the polytype is important
as the resulting structure may not always be non-centrosymmetric and hence would
be unsuitable for second order nonlinear frequency conversion [237, 272]. The ε and
β - polytypes are depicted in Figure 3.8.
Figure 3.8: Schematic of the β - polytype (a) & (c) and ε - polytype (b) & (d) of
GaSe [273]
3.2.3.2 Optical Quality
Optical absorption coefficients of GaSe grown by modified technology are three times
lower than those of crystals grown by the conventional Bridgman method. It was
found that in unpolarised light the absorption coefficient for both GaS and GaSe
crystals does not exceed 0.05 cm−1 within their maximum transparency range, 0.6–
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20 µm, although it is significantly narrower for GaS than for GaSe.
3.2.3.3 Surface Quality
Scanning electron microscopy (SEM) with a SEM Quanta 200 3D (FEI, Netherlands)
microscope was employed to study the surface morphology of the samples. For
carefully prepared samples, cleaving of the crystal along the growth layer 〈001〉, i.e.
perpendicular to the c-axis, produces atomically flat surfaces. These high quality
surfaces are suitable for studies of optical properties [270, 210]. In contrast, cut and
polished samples exhibit regions of local defects, primarily scratches and fractures
along growth layers. The polished surfaces of thicker > 1 mm retain sufficient
optical quality to facilitate THz measurements. In the thinner samples however, the
density of defects is such that it prohibits their use for these measurements. Repeat
handling, continued contraction of the polymer after initial curing, and differential
thermal expansion may contribute to the degradation in quality of thin samples in
the time following fabrication. Having considered the samples it is necessary to take
into consideration several metrological issues, such that the measurement conditions
are optimal and questionable results may be rejected.
3.2.4 Crystal Orientation
As GaSex−1Sx is a birefringent crystal, care must be taken when measuring cut
& polished samples to ensure that the crystal direction you wish to measure is
well aligned with the polarisation of the THz beam. When measuring the higher
refractive index o-wave, an assessment of the alignment may be made by examining
the time domain trace for the e-wave component which will appear as a pre-pulse.
The crystal, mounted on a stage should be rotated in the vertical plane until the
pre-pulse vanishes, it is now aligned for o-wave measurements; to achieve alignment
for e-wave measurements one simply rotates the crystal by 90◦.
76
Chapter 3: THz-TDS Spectroscopy of GaSe1-xSx
Figure 3.9: Birefringence in as grown GaS crystal.
3.2.5 Crystal Alignment
In THz-TDS systems with ZnTe electo-optic detection it is relatively straightforward
to ensure that the samples are normal to the incident THz beam. One simply aligns
the sample such that it is normal to the back reflection of the probe from the
electro-optic crystal. For electro-optic detection of THz in ZnTe, (110) cut crystals
are used and phase matching is collinear. Thus in well aligned systems, like NPL’s
(see above), the back reflection of the probe beam from the ZnTe surface propagates
along the same axis as the incoming THz beam.
While such alignment is straight forward in NPL’s THz-TDS, the benefit of the
back reflection from the electro-optic crystal is not available in most commercial
systems. In such cases, alignment must be approached iteratively between measure-
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ment and alignment. The ordinary wave measurements no will be at the maximum
and the extraordinary wave measurements ne will be at a minimum when the crys-
tal is orthogonal to the incident THz beam. We can see from Figure 3.10 that for
angles greater than 5◦ misalignment can have a serious impact on the accuracy of
both refractive index and absorption measurements.
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(a) Refractive Index Spectra
(b) Absorption Spectra
Figure 3.10: Impact of Angle Variation on the refractive index and absorption spec-
tra.
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Furthermore, in the case where processed samples are not available ne(θ = 90)
may be determined by rotating the sample. Knowing the value of no, the measured
value of n, and the angel of inclination, ne can be calculated using Eqn 2.71. A high
quality sample of GaSex−1Sx x = 0.22, was selected and mounted on a rotary stage
(goniometer) between mirrors M2 and M3 and aligned normal to the path of the
THz beam using the method described above. The crystal was then rotated relative
to the optical axis of the system, with measurements recorded every 5 ◦ from normal
incidence 0◦ to 45◦. The refractive index spectra were calculated for each and are
presented in Figure 3.10 (a); the absorption spectra were also calculated and are
presented in Figure 3.10 (b).
The change in refractive index with rotation was calculated using Eqn 2.71 for
the GaSex−1Sx x = 0.22 crystal at three frequencies 1, 2 & 3 THz, this was then
compared with the measure refractive indices, the results are presented in Figure
3.11. We can see from the data that the results are in reasonable agreement up to
30◦, after which the result begin to underestimate the value of ne (θ = 90). This
can be as a result of a number of factors, but beam distortion is likely the major
factor [265].
3.2.6 Crystal Thickness
The accurate determination of refractive index is reliant on the ability to accurately
measure the thickness of the samples. This is particularly important when dealing
with thin high refractive index materials such as our GaSex−1Sx samples. The error
in the refractive index is related to the error in thickness by the relation [265]:
∆(n− 1)
n− 1 =
∆d
d
(3.8)
For example, our Vernier callipers (Mitutoyo) have, as is typical, an accuracy of
±0.02mm, which on a 10 mm thick sample represents a satisfactory error of 0.2%,
but on a typical GaSex−1Sx sample with thickness 0.5 mm, this represents a rather
unsatisfactory error of 4%. Figure 3.12 below shows the uncertainty in the refractive
index arising from the measurement uncertainty in the sample thickness. A differ-
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(a) 1 THz
(b) 2 THz
(c) 3 THz
Figure 3.11: Determination of ne by crystal rotation; the lines represent the data
calculated from Egn 2.71, and the dots are the measured results.
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ence of 1% in the estimated thickness (corresponding to ≈ 10µm) produces a shift
in magnitude of refractive index (∆n = 0.02 at n = 2.45) equivalent to a difference
in the mixing ratio of about x = 0.18. This is far in-excess of the resolution we
require to confidently determine the variation in optical properties of GaSex−1Sx
with doping content.
Figure 3.12: Dispersion spectra of a selection of GaSex−1Sxcrystals, showing the
impact of sample thickness on refractive index, no and ne, refractive index spectra
for cleaved and polished (right superscript c and p respectively) GaSex−1Sx samples.
The mixing ratio x is shown in brackets. As measured and smoothed curves are
indicated by the left superscript m and s respectively, e.g. mnpo(0.22) is the as
measured o wave refractive index of a cut and polished samples of GaSex−1Sx x =
0.22 crystal
Clearly it is necessary to use more accurate instruments such as micrometers,
where, typically, an accuracy of ±0.001 mm is achievable, though a figure of ±0.005
mm is a realistic in practice. One should be careful to avoid applying undue pres-
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sure to the samples through the micrometer heads as the crystals, being extremely
soft, are easily deformed. Furthermore, it is advisable to make use of ball-ended
micrometers to mitigate against scratching of the polished crystal surface, as many
micrometers have spindles that rotate as they are closed by the screw mechanism.
The error due to thickness inaccuracy in samples of 1 mm thickness is on the order
of ±0.015 in the refractive index measurements of GaSe crystal, approximately twice
the measurement to measurement error due to minor angular misalignment ±0.008.
It has been observed that, in thin, low-doped, processed samples, the measurement
to measurement variation increases with time and handling. The likely causes are
continued shrinking of the polymer after curing, differences in the thermal coefficient
of expansion in the crystal, and most significantly, the introduction a high density
of cracks from handling. It is therefore recommend that the samples are stored
carefully and handled as infrequently as practicable.
3.2.7 Spectrometer Resolution
The rigid mode phonons in GaSe involve the whole crystal ensemble and hence
have a high Q, in high quality crystals, with a bandwidth narrower than that of
the spectrometer’s resolution in typical operation(<3.75 GHz), the bandwidth of
the phonon is estimated to be <2.5 GHz (FWHM), the bandwidth of the phonon
was later measured as 2.89 GHz (FWHM)using the high resolution of the Terascan
1550 continuous wave frequency domain spectrometer (Toptica GmHb, Germany).
It is not common to see phonons of such a narrow band within THz spectroscopic
studies of condensed matter; for example the phonons in common THz materials such
as sucrose, fructose, lactose have a bandwidth of around 200 GHz. So they could be
easily overlooked, indeed in the author’s own initial measurement the presence of
the well-known rigid layer phonon mode E(2) at 0.595 THz [224, 274, 275] was not
reliably detected at the typical system operating resolution of 15.0 GHz.
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Figure 3.13: Absorption spectrum of the GaSe E’(2) phonon, showing the impact of
spectrometer resolution on magnitude of measured phonon absorption.
It is seen in Figure 3.13 that: at 15 GHz resolution the maximum amplitude
of E′(2) is measured as 20 ± 0.1 cm−1, when the resolution increased to 3.75 GHz
the amplitude increases to 90± 0.5 cm−1 and bandwidth narrows to values in agree-
ment with that in the literature. While seemingly an obvious point, key features
in THz spectra of GaSe have been continually overlooked in the literature owing to
insufficient resolution [219].
3.2.8 Dynamic Range
An important aspect to consider when determining material properties using THz-
TDS is the maximum absorption that can be meaningfully measured. Jepsen and
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Fisher have addressed this issue [276] and provided an equation which relates the
maximum measurable absorption αmax to the dynamic range:
αmaxd = 2ln
[
Emax
Emin
4n
(n− 1)2
]
(3.9)
where d is the thickness of the samples,
Emax
Emin
is the dynamic range of the reference
measurement and n is the refractive index. Emax is the maximum amplitude of
the transmission spectrum and Emin is the noise floor. While THz-TDS systems
have good dynamic range, the maximum typically occurring about 0.5 - 1 THz and
typically quoted as > 2000 it rolls off with increasing frequency, while the absorption
tends to increase as we approach the phonon band, so in many cases αmax effectively
sets the bandwidth of the measurement [265]. We will use Eqn 3.9 throughout the
THz-TDS study, to set the validity limits on our measurements.
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Figure 3.14: Absorption spectra of GaSex−1Sx (x = 0.11, 0.22) crystals, showing the
effect of crystal quality on absorption coefficient as measured at various locations in
a, variable quality, polished GaSex−1Sx (x = 0.22) samples, with absorption spectra
of high quality cleaved crystal presented for comparison
3.2.9 Data Selection Rules of Thumb
Examples of THz refractive index and absorption spectra are presented in Figures
3.4 3.12 & 3.15. The crystals are well aligned using the methods presented above,
with their facets orthogonal to the incident THz beam. In Figure 3.12 it is seen that
as the measured e-wave refractive index of polished GaSex−1Sx x = 0.22 (mnpo(0.22))
curve (the notation is described in the caption of Figure 3.12) has an anomalous
variation in its gradient that contrasts with those of the other refractive index spec-
tra. Furthermore its “etalon pattern” (the sinusoidal oscillations around the mean)
is highly irregular. When this sample was examined in detail it was found that it
contained numerous micro-defects of various kinds, including admixtures of second
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phases. The as measured mnpo(0.22) is also seen to have irregular oscillations, while
they are more regular than that of the mnpo(0.22) spectrum, it is certainly less regular
than that of as measure e-wave refractive index of polished crystal (mnpe)(0.44). By
scanning the measurements site across the aperture of a range of polished (right su-
perscript p) crystals, it was determined that these irregularities are a result of local
surface defects caused by processing. It was found that both the density and size
of local surface defects are reduced for the harder, higher sulphur content samples
(x=0.44), and therefore produce less distortion in the oscillation pattern. Similar
effects were observed in the presence of other types of local defects on the surface
or within the bulk of certain cleaved samples, such as an occasional precipitate or
a local air gap between layers. Clearly, smaller size defects and lower defect den-
sity result in greatly improved regularity of the “etalon patterns” and increased
measurement reproducibility.
The absorption spectra are plotted in Fig. 3.14 for cleaved and processed
GaSex−1Sx, x=0.22, samples. Processed crystals were measured in both o-wave and
e-wave transmission. Repeating the measurement at different points on the sample
surface, as above, revealed local defects. This is seen in the spectra of smoothed
o-wave absorption index of polished crystal (sαpo)(0.22), one of which (green) has an
anomalous features at 1.4 THz, indicating that this originated from a local defect.
The inset in Fig. 3.14 shows anomalous dispersion caused by this defect.
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Figure 3.15: A selection of absorption spectra from GaSex−1Sx crystals, depicting a
variety of degraded (A) and a high quality spectra (B, C, D), enabling the Visual
selection of accurate THz-TDS data
To overcome these issues and to easily select suitable results, a set of empirical
rules of thumb for the assessment of the data were developed. Figure 3.15 presents
examples of regular and irregular “etalon patterns” in the refractive index spectra
of a series of GaSex−1Sx crystals. The phase shift in the smoothed oscillations seen
in Figure 3.15 (A) are an artefact of the size of smoothing window.
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(a) Time Domain (b) Frequency Domain
Figure 3.16: Time and frequency domain representations of a THz pulse. The echoes
are observed at -94000 and -92000 µm in time domain and the resulting oscillations
are observed in the frequency domain.
The “etalon oscillations” are not the result of standing waves; they are caused by
THz “pulse echoes”, which result from Fresnel reflections at the crystal-air interface.
Travelling twice through the crystal, these delayed pulses appear in the time-domain
trace as features delayed from the main pulse peak. Applying Fourier Transform to a
time-domain trace containing echoes results in a spectrum with etalon-like sinusoidal
oscillations [51], as shown in Figure 3.16.
Figure 3.15 A, above, shows a portion of the refractive index spectra from two
measurements of a cleaved GaSe crystal. We can see that both spectra have a
smooth highly regular oscillation pattern, the result of a plane-parallel, defect-free
sample with high THz transparency. When smoothed to reduce the amplitude
of oscillations, the refractive index spectra are seen to be somewhat offset. This
is indicative that, while the crystal facets are plane-parallel, one or both of the
measurements was made while the crystal was not normal to the incident THz
beam.
Figure 3.15 B shows another set of spectra for cut and polished GaSex−1Sx x =
0.44. Here we can see that both spectra have oscillation patterns that are smooth
and regular, indicating that, again, the sample is defect-free, and also the curves are
in good coincidence with each other, indicating that both measurements were made
at the same angle relative to the incident THz beam. However, the amplitude of the
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oscillations vary and decay, which is indicative of a wedged sample. This is because a
part of the echo pulse is deflected away from the detector on each reflection. Sample
wedging can be caused by the presence of packed or broken layers, by dislocations,
by use of polycrystalline boules or through deformation via rough handling.
Figure 3.15 C shows a portion of the refractive index spectra from two measure-
ment of cut & polished GaSex−1Sx x = 0.22 crystal. We can see that while both
spectra are in good coincidence indicating, as before, that measurements were made
at the same angle relative to the THz beam, the oscillation pattern remains some-
what regular, though it is no longer smooth. The lack of smoothness is indicative
of micro-cracks, leading to multiple paths through the crystal and dispersion of the
arrival times of the discrete low amplitude pulses.
In contrast to crystals of high optical quality, samples having surface defects
and/or defects in the bulk give rise to highly irregular oscillations instead of regular
patterns, because the reflected echo pulses will suffer distortion and loss in travelling
through the material. Figure 3.15 D shows another set of spectra for cut and polished
GaSex−1Sx x = 0.11. Here the regularity of the oscillations are entirely lost. This is
reflected, upon examination of the crystal, by the heavy cracking and poor surface
quality.
Therefore, the oscillation patterns in the refractive index spectra may be used
to evaluate the optical quality of the crystal sample, and as a criterion for selecting
the most reliable and consistent spectral data sets of crystal spectra. Refractive
index spectra with the most regular “etalon” patterns, that are also reproducible in
multiple measurements on different areas of the crystal face, are to be judged as the
most accurate and reliable.
3.3 THz Absorption of GaSe
For GaSe crystals, a small number of papers report on the absorption spectrum of
the crystal in the THz range and these are in the main concerned with the o-wave
in cleaved GaSe samples [195]. For the e-wave the number of publications is further
reduced and only a very limited amount of data is available for αe or absorption
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anisotropy in the THz range [277, 278, 219, 279]. This is a result of the difficulties
in the growth of high quality crystal and in processing samples in crystallographic
directions other than parallel to the c-axis.
Within the available data, only a few common features can be deduced, but
primarily αo significantly dominates αe for the absorption of polarised radiation in
the THz range [194, 233, 172]. Moreover the magnitude and spectral behaviour of
the o & e-wave differ significantly. As mentioned above the data is widely scattered;
in the range 0.5-3 THz, αo for GaSe has been reported as 70-250 cm
−1 [234], 40-100
cm−1 [280], 5-15 cm−1 [212, 281], down to 0.5-8 cm−1 [202, 281, 282, 275].
These values are several orders of magnitude higher than the theoretical estimates
[283] which have been reproduced elsewhere both correctly [212] and incorrectly
[284]. Though it was established later, the theoretical absorption values had been
underestimated by up to three times [202].
Some details of the fine structure in o-wave THz absorption can be found in [281];
weakly resolved fine structure can also be identified in [278]. Specific features of the
αo and αe spectra can also be estimated from the spectral dependency of the power,
produced by difference frequency generation in GaSe crystals [93, 194, 284, 285].
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Figure 3.17: Absorption spectra for GaSe and GaS crystals.
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3.3.0.1 O-wave absorption of GaSe
Absorption spectra recorded by THz-TDS (smoothed in post-processing [286]) are
shown in Figure ??. The o-wave absorption (αo) spectra of GaSe agree well with
known data in both spectral structure and magnitude [278, 287, 281, 224, 274].
The αo spectra of GaSe show several distinct features. There is a well known
[202, 212, 281, 282, 224] intense absorption peak of the E ′(2) rigid layer phonon mode
centred at 0.59 THz and two broad absorption features, which have also previously
been reported, one centred at 1.0 THz [281, 282, 224, 160] and the other at 2.5 THz
[281, 282, 160].
The narrow spectral width of the strongest phonon absorption peak at 0.59 THz
(the E ′(2) rigid layer mode) indicates the high optical quality and structural homo-
geneity of the optimally doped crystal [274], since there is no spectral broadening
due to site-to-site variation or defects. The E ′(2) rigid phonon mode has a maxi-
mum measured absorption of αo ≥ 81.5 ± 0.4 cm−1 for bulk high-quality crystals;
in crystals of exceptional quality or thin (micrometric) single domain samples αo
≥ 90 ± 0.5 cm−1, as illustrated in Figure: 3.18. The general trend of the αo base-
line is to increase with frequency. The baseline absorption, even in the best quality
crystals, does not currently reach the low intrinsic absorption figures given in the lit-
erature [93]. The optical quality of pure GaSe crystals are degraded by point defects
in the crystal lattice, due to Ga vacancies, and residual admixtures of micro-crystal
of other polytypes [215], which we will discuss in Chapter 4.
The optical properties in the THz region are dominated by the effects of free
carriers and typically the lowest optical phonon. Free carriers in the crystals are
not technologically controlled; pure GaSe crystals, grown by the Bridgman method,
are invariably p-type semiconductors [288, 289]. However, the contribution of free
carriers in the THz optical properties is confined to the low frequency region .
1 THz, in high quality crystals[280, 290, 10]. At higher frequencies, the optical
properties are dominated by the low energy tail of the optical phonon at 213 cm−1
[10], which can be described through the simple Lorentz harmonic oscillator model
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Figure 3.18: Absorption spectra of a thin (200 µm) GaSe around the E ′(2) rigid
layer mode phonon, as measured by two independent CW THz-TDS systems, and
a Lorentzian fit. The Absorption is measured as α(o) = 91cm
−1 and a measured
bandwidth of ∆ν = 2.89GHz. For comparison the E ′(2) data as measured by Chen
et al [202] is presented
of electrical permittivity:
ε(ω) = εL(0) +
fP
ω2P − ω2 − iωγP
(3.10)
where εL is the permittivity of the lattice vibration, ωP is the frequency of the
phonon, fP is the strength of the phonon and γP is a damping constant. The
refractive index may then be expressed as:
n(ω) = <
[√
εr(ω)
]
(3.11)
And the absorption coefficient as:
α(ω) =
2ω
c
=
[√
εr(ω)
]
(3.12)
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So, the contribution of the transverse optical phonon leads to the increase in ab-
sorption and refractive index with increasing frequency.
3.3.0.2 E-wave absorption of GaSe
An intense absorption peak centred at 1.1 THz (37 cm−1) is clearly observed for
the first time in the GaSe αe spectrum in Figure ??. The absorption peak is just
resolved with a resolution of 3.75 GHz, while being barely visible at 15 GHz. The
intensity and spectral bandwidth of the absorption peak were found to vary with
resolution in a similar fashion to those of the E ′(2) phonon absorption peak at 0.59
THz, explaining its omission from previous work. The 1.1 THz phonon mode has
a maximum measured absorption of αe ≥ 27 ± 0.14 cm−1 for the processed GaSe
samples, polished with the coarse powder. Although an indication of this phonon
was found to be present in the data presented in reference [219], the authors did
not identify it as such. It was, however, also observed in one other GaSe sample
and identified as phonon absorption peak [291]. Therefore, we propose that given
the consistency of observation, the peak at 1.1 THz should be acknowledged as a
new phonon absorption peak and should be taken into account in the design of
GaSex−1Sx THz devices [279]. Another broad, low-amplitude, absorption feature
can be seen centred around 2.5 THz. The general trend of αe is to increase with
frequency within the validity range of the measurement 0.1 - 3.0 THz. Absorption in
GaSe is highly anisotropic, both in spectra features and scale. The magnitude of αe
is significantly less than that of αo for frequencies greater that 1.8 THz, confirming
previous observations [194, 233, 172].
The higher absorption recorded in both the o & e-waves has a significant negative
effect on the nonlinear figure of merit, when compared with the value intrinsic
absorption, FoM v 2800. The calculated FoM values of 8.5 and 19.8 for the o and
e-waves respectively remain competitive with the values for GaAs and GaP, without
the challenges of QPM fabrication, see Table 2.2. The lower absorption and higher
FOM suggests that the nonlinear generation scheme used should result in an e-wave
THz radiation for increased efficiency and wider tunability.
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3.4 THz Absorption of GaS
As is explained below, β-polytype crystals were grown in place of ε-polyptype, as
GaS preferentially grows in the β form, but the differences in the linear properties
are negligible. GaS crystals, in common with GaSe, can be readily cleaved forming
optical quality, atomically flat, surfaces. On the other hand, GaS is substantially
harder than GaSe crystal, permitting the fabrication of high quality processed sam-
ples (φ = 90◦), encased in polymer as shown above in Figure 3.7. Examples of the
GaS absorption spectra recorded by NPL’s THz-TDS are presented in Figure 3.17
3.4.1 O-wave absorption of GaS
From Figure 3.17 it can be seen that GaS crystals possess higher transparency
for the o-wave than GaSe. Several broad absorption features are present in the
absorption spectrum; two overlapping absorption peak centred around 1.4 and 1.8
THz respectively can be seen; a further absorption feature is present centred around
3.45 THz. The underlying trend of the absorption remains flat across the validity
range of these measurements.
3.4.2 E-wave absorption of GaS
Absorption in GaS is strongly anisotropic, the o-wave absorption coefficient domi-
nating the e-wave absorption coefficient αe by factor of at least 2 to 3 in the range
0.1 - 2.15 THz. The magnitude of αe increases with frequency, so that for frequencies
greater than 2.15 THz, e-wave absorption αe is dominant. Two broad overlapping
absorption features can be seen centred around 2.4 and 2.9 THz respectively.
In contrast to the measured absorption spectra of GaSe crystals, neither the o
or e-wave absorption spectra for GaS crystal show the narrow band high-Q phonon
modes seen above. The transverse optical phonon for the o & e -waves GaS crystals
lies as substantially higher frequencies than in GaSe, 296 & 319 cm−1 respectively
[292]; hence, their contribution to the optical properties is reduced and consequently
the absorption is lower. It should be borne in mind that β-polytype GaS is cen-
trosymmetric and second order nonlinear generation is not possible.
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3.5 THz Absorption of GaSe1−xSx
It is evident that the extremely poor mechanical properties, the limited optical qual-
ity of available crystals, and the large variability and contradictions in the published
data regarding other physical properties, has continually hindered the widespread
adoption and utilisation of GaSe crystals in contrast to other materials such as
ZnGeP2.
Sulphur (S-) doping of GaSe significantly improves the mechanical properties,
due to the substitution of gallium vacancies, which are the dominant defect mecha-
nism, by sulphur atoms, significantly reducing the point defects and stacking faults.
The lattice structure is sufficiently strengthened by a low density of interstitials to
enable cutting and polishing in arbitrary directions, in particular if the crystal is
first set in polymer as described above. Over-doping increases, the density of inter-
stitials, the density of intercalated atoms and leads to the formation of precipitates,
which reduce the optical quality of the crystals, deforming its lattice, introducing
scattering and increasing absorption [210].
S-doping simultaneously improves the optical properties of the crystals, reducing
the mid-IR optical absorption coefficient by a factor of 2-3 [216, 217, 218], while
increasing the optical damage threshold fivefold at the optimal mixing ratio [216,
217] and the optical properties in the THz range are also found to improve [172].
Composition dependent transformation of the phonon absorption spectrum for o-
wave has been reported [274, 224], but were not confirmed by other researchers [219].
Again, due to limited availability of high quality crystals and lack of capability in
processing them, the e-wave absorption spectra of GaSex−1Sx crystals and therefore
the absorption anisotropy in the THz range have rarely been studied [209, 219]
Absorption spectra of the grown GaSex−1Sx crystals in the 0.1-4.5 THz range
were measured using the THz-TDS at NPL, UK. Owing to their small size, the
crystal samples were placed at the focus of the THz beam such that they interacted
with the incident radiation in either ~E ⊥ ~c (o-wave) or ~E ‖ ~c (e-wave) geometry, for
both cleaved and cut & polished crystals, where E is the electric field vector of the
incident THz light and c is the crystal c-axis.
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In order to insure the accuracy of the measurements, the precautions detailed
above were observed. Furthermore, selected results were further verified by repeat-
ing the measurements in two commercial of-the-shelf THz spectrometers systems,
a pulsed K15 THz-TDS (Menlo systems GmHb, Germany) and a continuous wave
Terascan 1550 frequency domain spectrometer (Toptica GmHb, Germany). Ex-
amples of the measured absorption spectra for o- and e-wave are depicted in Figures
3.19 & 3.21.
3.5.1 O-wave absorption of GaSe1−xSx
A number of general comments can be made regarding the results. The absorption
coefficients measured for cleaved crystals doped with Sulphur mixing ratios x = 0.11
and 0.22 are smaller than those reported for the highest quality pure GaSe crystal
[219, 282]. Moreover, it was found that GaSex−1Sx x =0.22 possesses the lowest
absorption coefficient among all the grown crystals, confirming the positive effects
of doping on crystal quality, which is consistent with the available published data
on optimal sulphur content [216]. The characteristic rigid mode phonon absorption
peak E ′(2) at 0.59 THz in GaSe is found to disappear from the absorption spectra
of GaSex−1Sx crystals in the mixing range x = 0.11 – 0.22, see Figure 3.19. Instead,
a peak appears at 1.8 THz and shifts towards higher frequencies with the increase
of sulphur concentration. The evolution and transformation of phonon absorption
is discussed in detail below.
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Figure 3.19: O-wave THz absorption spectra for GaSe1−xSx
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In Figure 3.19 it is seen that absorption spectra for o-wave for cleaved and cut &
polished GaSe crystals possess similar spectral features, as do those for cleaved and
cut & polished GaSex−1Sx crystals; however, cut & polished crystals exhibit higher
absorption losses than cleaved ones. The difference in magnitudes of the absorption
coefficients between cleaved and cut & polished crystals appears to be frequency-
independent, which can be clearly seen in Figure 3.20, by comparing the absorption
for two sets of crystals, pure GaSe and GaSex−1Sx (x = 0.44).
Figure 3.20: Absorption spectra of GaSe and GaSe1−xSx x = 0.44 crystals for both
cleaved and cut & polished samples.
This frequency independence implies that optical losses in these samples are not
caused by scattering originating from polishing quality or by absorption by residues
of the polishing medium, as we would expect these losses to have frequency depen-
dent components. Indeed, the evidence indicates that higher optical losses in cut &
polished samples originate in surface defects related to polishing. It may be proposed
that the excess loss is due to increased interface reflections caused by incorporated
particles of the polishing powder. The polishing powder consists of a number of
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very high refractive index metal-oxide minerals CeO2 LaO2 and NdO2, these form a
very thin layer high refractive index layer at the surface, significantly increasing the
Fresnel reflection. Investigation are underway to establish the dielectric properties
of these materials at THz frequencies and to improve the polishing process.
3.5.2 E-wave absorption of GaSe1−xSx
The absorption spectra for e-wave in cut & polished GaSex−1Sx crystals were found
to be most strongly affected by the perturbing factors, which, as a consequence
makes it impossible to perform a detailed quantitative analysis of the data, and
for some concentrations it is not possible to present meaningful results at all. A
Figure 3.21: E-wave THz absorption spectra for GaSe1−xSx crystals.
selection of the recorded spectra are presented in Figure 3.21. It can be seen that,
for samples which have been processed with the fine polishing powder (1 µm), doped
crystals possess the highest optical quality. Their e-wave absorption coefficients
are 2-3 times lower than those for o-wave, coinciding well with the published data
[194, 219, 172, 222, 209]. It can also be seen that processing GaSex−1Sx crystals
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with the course polishing powder (9 µm) induces an order of magnitude higher loss
coefficient than a similar crystal polished with fine powder (0.8–1.2 µm), the loss
appears frequency independent and is likely the result of further metallisation of the
surface. In the frequency band 0.3–2.0 THz, the absorption coefficient for e-wave in
GaSex−1Sx crystals with high S-concentrations, x = 0.22–0.44, is nearly frequency
independent. The intense absorption peak centred at 1.1 THz, which was clearly
observed for the first time in the GaSe spectrum, is not found to be present in the e-
wave spectra of the measured GaSex−1Sx crystals presented in Figure 3.21. It may be
that, in common with αo measurements, the phonon decays with increasing sulphur
concentration (x), and it would be visible in GaSex−1Sx crystals, where x < 0.11.
The phonon peak around 2.5 THz is common for both GaSe and GaS crystals, and
so it remains even in heavily S-doped GaSe crystals.
The reduced absorption in both the o & e waves of GaSex−1Sx x = 0.22 does not
compensate for the reduced nonlinear coefficient in the FoM, the values of which are
found to be 3.4 and 17, for the o and e-waves respectively. However, the influence
of the polishing should be borne in mind and that the actual absorption coefficient
is likely lower than those seen in our results. Following the trend from the o-wave
case (Figure 3.20), the true value for the e-wave absorption coefficient would be on
the order of 1 cm−1, and as a result, the FoM would increase to ≥ 55. Regardless,
the result clearly favours the use of e-wave generation. While the FoM may be lower
than that of pure GaSe, evidence from the literature shows that it is compensated
by: the higher damage threshold, increased strength, improved optical quality in
the near-IR, and a shift in the band-gap to higher frequencies.
Low-level Al-doping (6 0.01%) has be shown to significantly decrease the input
of carriers in the lower THz region [210, 215], and as consequence, it reduced the
absorption and slightly increased the refractive index. We have calculated, form the
values in the literature [210, 215], the FoM for the o-wave in Al-doped GaSe asv 134.
Gao et al report that double doping of crystals changes the optical properties addi-
tively. Therefore, as they suggest, double doping with Sulphur and small amounts
of Aluminium looks attractive for optimising the optical and mechanical properties
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for generation in the THz regime [215]. Accounting additively for the effect of both
dopants, we predict a Figure of Merit of 165 for the o-wave in GaSex−1Sx:Al crystals,
significantly greater than the values for GaAs and GaP, see Table 2.3 Only weak
influence on the e-wave properties is reported for low-level Al-doping in the THz
[215] and for both orientation in the near and mid-IR [210]. Such double-doped
crystal are currently being grown and future work will investigate their properties
in detail. A summary of the results is presented in Table 3.5.2.
Table 3.1: Nonlinear Figure of Merit (FOM) for GaSe, GaSex−1Sx and Al-doped
crystals in the THz regime from measured values. ∗ Estimate value for additive
effect of double doping. Results calculated from values measured in this work and
those presented in the literature [103, 201, 173, 168, 210, 215]
Crystal x o/e-wave Absorption nTHz nIR deff FOM
cm−1 pm/V
GaSe o 4 3.24 2.63 55 8.5
GaSe e 3 2.46 2.63 55 19.8
GaSex−1Sx 0.22 o 3.5 3.22 2.59 30 3.4
GaSex−1Sx 0.22 e 1.8 2.44 2.59 30 17
GaSex−1Sx 0.44 o 4 3.16 2.52 15 0.7
GaSex−1Sx 0.44 e 2 2.42 2.52 15 3.7
GaSe:Al o 1 3.26 2.63 55 134
GaSex−1Sx:Al∗ 0.22 o 0.5 3.24 2.59 30 165
3.6 THz Refractive Index of GaSe
To successfully design ε-GaSex−1Sx crystals and fully exploit their potential for effi-
cient nonlinear frequency conversion applications requires, adequate data on disper-
sion versus mixing ratio of the ordinary (no) and extraordinary (ne) wave refractive
indices, over the entire transparency range.
Dispersion equations for the pumping GaSe crystals in the visible and near IR
ranges have been published [293] and are recommended by the well known and
widely used handbook [294]. However, as with absorption, of the known dispersion
equations for GaSe [202, 295, 293, 296, 289, 297, 298, 299, 300, 212], only a limited
number are valid in the THz regime [202, 295, 293], due to the difficulty in producing
and obtaining high quality crystals for measurement. Some equations [293] are also
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in widespread use for THz application despite this being well outside their claimed
validity range (0.65 - 18 µm).
Numerous refractive index spectra have been determined experimentally by THz-
TDS for no in GaSe. But again, data on ne is extremely limited and largely measured
indirectly, due to the difficulty in processing the crystals, though some data has be
recorded using processed crystals.
It has been shown [280, 160, 234] that the refractive index is dependent on the
quality of the measured crystals and that this can lead to the measured values of
refractive index in GaSex−1Sx varying from no = 3.5 [234] to no = 3.6 [280, 160] at
∼ 1 THz. The poor quality of these crystals is evident in the figures presented [280]
and the deviation of the presented absorption spectra [234] from accepted values for
high quality crystals.
So, for accurate determination of the dispersion properties of GaSe, it is crucial
that the crystal be of the highest optical quality, i.e. an absorption coefficient of
≤ 0.2 cm−1 in the maximum transparency range of the crystal. Indeed it has be
seen that even with the same THz-TDS system significant variations (n ± 0.05) can
be observed [275].
Despite the size of these errors, lack of available data and use of dispersion
equations outside of their validity range [293], the available experimental data on
phase matching angles for o-wave THz generation [213, 301] is consistent with those
estimated using [293]. In contrast, mismatches do occur in estimating the generation
of e-waves [93, 194, 202, 285]. For long-wave generation (≥ 300µm ), the mismatch
amounts to 2 − 3◦. Typically, nonlinear generation in GaSex−1Sx crystals is via
critical phase-matching, so such errors lead to very large a differences in the resulting
wavelength; 100s to 1000s of µm variation from what is expected.
As the angular error is quite small, it may be readily compensated for, or indeed
go unnoticed in the construction of a typical experimental system, due to the in-
herent limits on the precision of common optical components and their alignment.
However, it hinders the ability to accurately design and estimate the performance of
GaSex−1Sx systems for THz application, and indeed severely limits progress of other
104
Chapter 3: THz-TDS Spectroscopy of GaSe1-xSx
applications such as the manufacture of Brewster surfaces and polarisation optics,
where selection of the correct angle is critical. Therefore, the determination of the
most suitable dispersion equations, for the full transparency range of GaSex−1Sx
crystals, remains a key issue.
The dispersion in solid solution crystals grown from structurally identical (isostruc-
tural), parent crystals can be estimated by using the well-known relation Eqn 3.13,
from Ref [302], adapted for use with ε-Ga(Se,S) crystals
n2o,e (GaSex−1Sx) = (1− x) · n2o,e (GaSe) + x · n2o,e (GaS) (3.13)
Clearly, the dispersion properties of parent crystals i.e. ε-GaSe (hereinafter
GaSe) and ε-GaS, must be well known in order to make use of Eqn 3.13. For this
purpose, three sets of dispersion equations for GaSe [202, 295, 293] have been found
to be suitable for estimating phase matching (PM) over the whole transparency
range.
However, the optical properties of bulk ε-GaS crystals are not available, since to
the best of our knowledge crystals of such a polytype have not yet been grown and
hence has not been studied. This is a result of GaS crystals growing preferentially
as the β-polytype. However it is well known that linear properties of the differ-
ent polytypes differ negligibly [303, 304]. Thus, it can be proposed that dispersion
properties for β-GaS are close to that for ε-GaS (hereinafter, both polytypes are la-
belled as GaS) and applied for estimating the dispersions of ε-GaSex−1Sx (hereinafter
GaSex−1Sx) by using Eqn 3.13. The only available experimental data reported in
[103] presents mid-IR dispersions for β-GaS. Alternatively, they may, of course, be
measured directly.
Refractive index spectra of the grown GaSe, GaS & GaSex−1Sx crystals in the
0.1–4.5 THz range were determined, simultaneously with the absorption spectra,
using the THz-TDS at NPL. Due to the small size of the crystals’ apertures, the
samples were placed at the focus of the THz beam, such that they interacted with
the incident radiation in either ~E ⊥ ~c (o-wave) or ~E ‖ ~c (e-wave) geometries for
both cleaved and cut & polished crystals, where E is the electric field vector of the
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incident THz light and c is the crystal c-axis.
As THz-TDS uses coherent detection, the absorption and refractive index are
recorded simultaneously, so the previous experimental precautions, see above, still
apply and the measurements verified in the same fashion.
3.6.1 O-wave refractive index of GaSe
To determine the THz refractive index of the o-wave (no) in the GaSe parent crystal,
a centimetric thick sample was carefully prepared from a high-quality crystal boule
by cleaving, with plane-parallel surfaces. Millimetric thick cut & polished samples
were also prepared. The results of the measurements are depicted in Figure 3.22.
The rigid mode phonon E ′(2) is evident from the strong anomalous dispersion which
Figure 3.22: THz refractive index for GaSe and GaS crystals.
is seen centred around 0.595 THz. At 0.25 THz, no= 3.25 ± 0.008 and its value
decreases slightly to no= 3.24 ± 0.008 at 1 THz, due to the contribution of the
anomalous dispersion around the E ′(2) phonon, after which the value of no increases
with increasing frequency. The errors on these measurements are small, at the level
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of angular misalignment, as the GaSe crystal used is thicker than the cut & polished
samples. It was found that all the cut & polished samples have a higher refractive
index value than the cleaved samples, though the difference was typically within the
margin of error. This may be assumed to be due to the lower quality of the cut
and polished samples and the impact of polishing as discussed above. The refractive
index spectra for the cleaved crystals has a validity range of 0.1-3.5 THz; at 3.5 THz
the value of no in the GaSe crystal increases rapidly indicating the cut-off point. The
lower frequency cut-off in refractive index spectra of the cut & polished samples is
further evidence of their somewhat reduced quality, as seen in Figure 3.24.
3.6.2 E-wave refractive index of GaSe
Measurements of the e-wave refractive index spectra were conducted using cut &
polished crystals from the same boule used for the cleaved o-wave spectra above;
the results are depicted in Figure 3.22. No evidence of the E ′(2) rigid mode phonon
can be seen in the e-wave refractive index spectra, though the phonon at 1.1 THz is
evident, from the anomalous dispersion centred at this frequency in several samples.
The value of the e-wave refractive index ne= 2.46 ± 0.015 is substantially lower
than that of the no. The measure value of birefringence (β = 0.78) at 1.5 THz is
prodigious and in good agreement with the values estimated by [202] (β = 0.78) and
those measured by [202, 278, 209, 219] (β = 0.78−0.79); on the other hand, it is twice
the value of the estimates resulting from the dispersion equation of [293](β = 0.39)
and also substantially greater than [295] (β = 0.49). The values calculated from
Ref [293, 295] are discounted as they are outside the validity range, and or do not
adequately take into account the measured values of ne. ne increases nearly linearly
with increasing frequency, the slope of the increase is less than that for no, so the
birefringence increases with frequency, to a value of (β = 0.9) at 3.5 THz. The
lower values of ne in GaSe crystal, also contributes to the improved FoM, further
favouring the use of e-wave generation.
We can have good confidence in these results as the high quality of the crystal
has already been established, the measurements were carefully conducted using the
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alignment methods detailed above, the large size of the crystal minimises the im-
pact of error in thickness measurement and the selection criteria developed above
were used to reject any questionable data. Moreover, this confidence allows us to
recommend Chen et al ’s Sellmeier equations for use in the THz regime [202] as they
best available match our data for both the o and e-wave refractive index spectra
and also the results found in the literature [202, 278, 209, 219], see Figure 3.23.
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Figure 3.23: GaSe dispersions (a) and birefringence (b) as estimated in the literature [202, 293, 295] and as measured by THz-TDS in this work.
Experimental points of the study: black; curves calculated by dispersion equations from Ref [202] : olive, Ref [293] : blue, and Ref [295]: red.
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3.7 THz Refractive Index of GaS
High-quality GaS crystals of the β-polytype were specially grown to permit, for the
first time to our knowledge, THz-TDS measurements of the dispersions of o-wave
(no) and e-wave (ne) refractive indices for GaS crystals. These crystals were grown
by the modified Bridgman method described above. Figure 3.22 presents GaS and
GaSe dispersions measured via THz-TDS for comparison.
3.7.1 O-wave refractive index of GaS
It can be seen in Figure 3.22 that the magnitude of the GaS o-wave refractive index
(no) is substantially smaller than that of GaSe. At 1 THz in GaS, no= 3.06± 0.012,
compared with no= 3.24± 0.008 in GaSe. A very broad, low-amplitude feature can
be observed in the refractive index spectra of no, between 0.6-2.0 THz, after which
the magnitude of no grows almost linearly with increasing frequency to a maximum
value of no= 3.16 ± 0.012 at 4.0 THz. The refractive index spectra for the cut
& polished and the cleaved samples were found to be in good agreement, adding
further confidence in the results
3.7.2 E-wave refractive index of GaS
The magnitude of the GaS e-wave refractive index is substantially less than that of
GaSe, in GaSe ne = 2.46 at 1 THz, while in the measured value in GaS crystals is
found to be ne= 2.29 ± 0.012. In common with GaSe, GaS crystals are found to
be strongly birefringent. At 1 THz the measured value of birefringence β = 0.77 is
the same as for GaSe, within the margin of error of the measurements. No regions
of abnormal dispersion or significant features can be seen in the refractive index
spectra. The magnitude of ne increases approximately linearly with frequency, the
slope of this growth, on the order of 12.5 · 10−3/THz, which less than that for no or
indeed ne in GaSe. The lower refractive index in GaS as with the reduce absorption
is a result of the increased frequency separation from the lowest transverse optical
phonon.
Having established the refractive index spectra for both the o & e waves in high
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quality GaSe and GaS crystals to a good degree of confidence, it is now possible
to implement Eqn 3.13 to estimate the refractive index value of GaSex−1Sx crystals
for a given value of x. Furthermore, as both crystals are found to have the same
birefringence, we expect that doped crystal will also have a birefringence of β = 0.78
as Egn 3.13 predicts a linear transformation with x. However, Eqn 3.13 does not
include the effects of mixing ratio dependent phonon transformation observed, in
the absorption spectra of GaSex−1Sx crystals.
3.8 THz Refractive Index of GaSe1−xSx
The wide range of refractive index spectra estimated by the available Sellmeier equa-
tions can be verified experimentally by THz-TDS. THz-TDS measurements have
been previously reported for limited ranges of GaSex−1Sx compositions, x = 0.01,
0.14, 0.26, 0.37 [305], 0.26 [209] and 0.29 [219], however, the results are inconsistent
and contradictory for both the magnitude of the refractive index and its transforma-
tion with mixing ratio. To resolve these inconsistencies and to accurately determine
the refractive index spectra for GaSex−1Sx, a series of careful measurements were
made on, specially gown, high-quality, GaSex−1Sx crystals. Examples of refractive
index spectra, as measured by NPL’s THz-TDS, for the set of GaSex−1Sx crystals,
with compositions x = 0.05, 0.11, 0.22, 0.29, 0.44, are depicted in Figure 3.24.
3.8.1 O-wave refractive index of GaSe1−xSx
Several common trend for GaSex−1Sx can be observed for the no refractive index
spectra. The magnitude of no begins approximately equal to that of GaSe, no=
3.25±0.012 for x = 0.05 and reduces as the quantity of sulphur (x) in the composition
increases to a minimum value of no= 3.16 ± 0.015, at 1 THz, for x = 0.44. The
anomalous dispersion observed around the E ′(2) rigid mode phonon in GaSe is greatly
reduced for GaSex−1Sx x = 0.05 with only a broad low amplitude feature remaining,
and no effect at all is apparent for the other higher sulphur content compositions.
A new band of anomalous dispersion begins to arise in mnc0(0.05), is fully developed
in mnc0(0.11) and is present in the remaining higher sulphur content GaSex−1Sx
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crystals. This band of anomalous dispersion is associated with the E ′′(2) phonon
absorption peak at 1.8 THz. In common with the earlier GaSe results, the cut &
polished samples have a higher refractive index and lower cutoff frequency which
maybe there result of the incorporation of a the polishing power particles in a thin
layer at the surface and the slightly lower quality of the samples themselves.
A clear example of the variation mentioned above is evident in the value of
refractive index for x = 0.29 in [219] no = 3.03, in [305] no = 3.17 and in this work
no= 3.2 ± 0.012 for the same composition at 1 THz. The o-wave refractive index
spectra are in good agreement with the published data and measured data for GaSe,
together with the high optical quality of the grown crystals providing a firm basis
for confidence in the accuracy of the measured dispersion properties of solid solution
GaSex−1Sx.
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Figure 3.24: THz refractive index spectra for GaSe1−xSx x = 0.05, 0.11, 0.22, 0.29, 0.44.
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3.8.2 E-wave refractive index of GaSe1−xSx
E-wave refractive index measurements of GaSex−1Sx, as with the αe measurements,
are highly sensitive to the quality of the crystals. Repeated handling of the thin
samples introduced cracking along the growth layers of some of the crystals. It
appears that, for some samples, the higher frequencies in the THz pulses were wave-
guiding, or at least propagating through these cracks. Thus, it was not possible to
make meaningful measurements for the same wide range of samples as in the o-wave
case. Fortunately, good measurements were still available for the key mixing ratios
in GaSex−1Sx x = 0.11, 0.44, which covers the maximum and the optimal doping
levels.
The magnitude of e-wave refractive index (ne) are substantially less than those
of the o-wave no. At low mixing ratios the magnitude of ne is approximately equal
to that for GaSe. The value of ne then reduces as the mixing ratio (x) increases, to a
minimum value of ne= 2.42±0.015 at 1 THz for x = 0.44. The anomalous dispersion
associated with the newly observed phonon absorption peak in GaSe at 1.1 THz is
not observable in the measured GaSex−1Sx samples. A broad low-amplitude feature
centred around 2.5 THz is observable in all samples, associated with the e-wave
phonon absorption peak observed above. The magnitude of ne for all GaSex−1Sx
samples increase with frequency, though the slope of the increase is lower than the
slope of no in GaSex−1Sx crystals and moreover, lower than that of ne in GaSe
crystals.
3.8.3 Variation of refractive index in GaSe1−xSx with doping
concentration
The common trend of refractive indices to decrease with rising S-content is clearly
seen in Figure 3.26. The variation of refractive index with S-content is characterised
by a regular gradient, thus, allowing PM optimisation. Some deviations from this
regular trend are observed, which may be attributed to measurement uncertainties,
principally in the determination of sample thickness, but also, to differences in the
free charge carrier concentrations. While reducing the refractive index has a positive
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Figure 3.25: Smoothed THz refractive index spectra for GaSe1−xSx x = 0, 0.05,
0.11, 0.22, 0.29, 0.44.
impact on the FoM, its influence has to be balanced with other factors. While
GaSex−1Sx x = 0.44, has the lowest refractive index for both the o & e-waves for
the measured GaSex−1Sx crystals, its effective nonlinear coefficient is also reduced
[103], so the overall result is less attractive.
3.9 Evolution of THz Phonons in GaSe1−xSx with
doping concentration
The dispersion equations of GaSex−1Sx, for the full transparency range, can be esti-
mated to a good degree of accuracy through the available data for the parent crystals
using Eqn 3.13. While this method is quick, readily accessible and straightforward,
on the other hand, it fails to take account of a variety of factors, among these are the
appearance of new phonon absorption peaks in GaSex−1Sx and their evolution with
S-doping. This type of phonon transformation is observed in our results above and
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Figure 3.26: Variation of refractive index with doping for GaSe1−xSx x = 0.05, 0.11,
0.22, 0.29, 0.44
was previously reported in [305, 274] , but it is in contrast with the results of other
studies [306] where no new phonon absorption peaks where observed. The rigorous
selection of high quality samples, the precautions observed in making the measure-
ments, and the repeated observation of the phenomenon gives us good confidence in
stating that the transformations we observe are indeed real.
The presence, appearance and transformation of phonon absorption modes and
their profiles should be accounted for in the successful design of efficient THz sources.
In particular, the input of the phonon modes to the dielectric response (leading to
ranges of abnormal dispersion) should be considered in the formulation of dispersion
equations, as is the case with the well known GaSe rigid phonon mode E ′(2) at 0.595
THz [202]
To permit the inclusion of these factors into the design of devices it is necessary to
study in detail the evolution of phonon structure in GaSex−1Sx with S-doping using
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a dense set of crystals. As discussed above, accurate measurements of the THz
phonon modes in GaSe and GaSex−1Sx require sufficiently high frequency resolution
due to their narrow width, the minimum estimated as <2.5 GHz (FWHM). The
main THz phonon absorption modes in GaSex−1Sx are centred at the frequencies of
0.59, 1.0, 2.5 and 3.5 THz.
It is established that the intensity of the rigid layer mode phonon E ′(2) at 0.595
THz decreases with increasing s-doping until the mode collapses. At the optimal
S-doping level, x = 0.11 – 0.22, the mode is fully immersed. In the e-wave spectrum
it was found that, in contrast to [306], the E ′′(2) mode at 1.7 THz both increase
in intensity with S-doping and shifts to higher frequencies with a gradient of 17
GHz/mass% as shown in Figure 3.27, where the absorption spectra of both cleaved
and processed crystals are presented.
Figure 3.27: Absorption spectrum of GaSe1−xSx crystals showing the evolution of o
& e-wave THz Phonons in with sulphur content.
The increase in frequency of the phonons is related to the mass of the ions in the
lattice and the stiffness of spring constants between them; to illustrate this we can
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consider the simple case of a one dimensional lattice containing two species of ions.
The dispersion of the vibrational mode frequency in the lattice can be described by
the equation[10]:
ω2 =
κ1
κ2
[
1±
√
1− 8µrκ1κ2
µc(κ1 + κ2)2
(1− cos ka)
]
(3.14)
where κ1,2 are the spring constants, µr =
m+m−
m+ +m−
is the reduced mass and µc =
m+ + m− is the total mass; where m± are the masses of the ions. This relation is
defined within the reciprocal unit cell, −pi/a < k < pi/a. In the long wave limit
k  pi/a, this can be approximated as [10]:
ω =
√
κ1 + κ2
µr
i.e. optical branch (3.15)
ω =
√
κ1κ2
µc(κ1 + κ2)
(ka) i.e. acoustic branch (3.16)
We can see that the optical modes are dependent on the reduced mass of the ions
and the stiffness of the spring constants. The mass of sulphur atoms is less than
that of either Gallium or Selenium, so all other things being equal the frequency of
vibration increases, as more sulphur is incorporated into the lattice. This is reflected
in the shift of the THz phonons to higher frequencies in our results. The acoustic
branch considers the propagation of sound through the lattice.
For the first time the arising and transformation of other phonon peaks, where
observed in the e-wave absorption spectra of heavily S-doped crystals, including in
GaSex−1Sx x = 0.44, at 1.9 THz, resulting in regions of abnormal dispersions. Fur-
thermore, an intense phonon peak with a centre frequency at 1.1 THz was observed
in the e-wave spectra of GaSe. Having being consistently observed, these modes
should be accounted for in the design of THz devices.
In general, the determination of the composition of solid solution GaSex−1Sx
crystal is quite an involved process. The transformation of the short wave edge
shows weak dependence on the mixing ratio of parent crystals, at low mixing levels
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e.g. GaSe:Al, while transformation of the mid-IR multi-phonon structure becomes
apparent earlier [209, 210]. However, as we have observed, the transformation of the
rigid mode phonons in the THz regime is very sensitive to the mixing ratio of the
parent crystals. The transformation of GaSex−1Sx phonon structure is particularly
sensitive, more so than that observed for other GaSe solid solution crystals such as
GaSe1−xTex [274].
Figure 3.28: Evolution of o-wave THz Phonons in GaSe1−xSx with sulphur content
Thus, the appearance, transformation and frequency shift of rigid mode phonons
in the THz regime, including the rigid modes E ′(2) at 0.595 THz and E ′′(2) at 1.7
THz may be used to quickly determine the mixing ratio of the parent crystal, with a
good degree of confidence, as seen in Figure 3.28 where the spectra of set of cleaved
crystals are presented. Moreover, they may also be used to determine the optimal
doping level for high quality crystals. E ′(2) is an interlayer shear mode, while E ′′(2)
in an intralayer shear mode (Figure 3.28 inset), we can suppose that the presence
of interstitial atoms in the lattice is suppressing the E ′(2) mode, at higher doping
concentrations.
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The optical properties of the crystals improve with improvements in the structure
of the crystal lattice, these improvements are achievable, up to a limit, by doping,
which fills the vacant lattice sites. Sulphur atoms are well match to the atomic size of
the substituted atoms, so the resulting lattice deformation is limited. The decrease
in the vacancies may also reduce the staking fault density, further improving the
optical quality [215]. With this improvement in crystal lattice structure, the Q and
intensity of the rigid modes phonons increases, reaching a maximum for GaSex−1Sx
at about 0.11 ≥ x ≤ 0.22, which has been confirmed through other means, including
efficiency of nonlinear conversion, to be the optimal mixing ratio.
3.10 Summary
In this chapter we examined the sources of inaccuracy in the THz-TDS measure-
ments of high refractive index birefringent crystals, such as GaSe, and proposed, a
rule of thumb, selection criteria for adequate data, based on the quality of the oscil-
lations in the refractive index curves. The linear refractive index (n) and absorption
coefficient (α), for both the o & e waves, in the THz regime (0.1- 4.5 THz) was
determined, by direct measurement using Terahertz - Time Domain Spectroscopy,
for GaSe and a dense set of GaSex−1Sx crystals (x = 0.05, 0.11, 0.22, 0.29, 0.44),
fabricated with facets perpendicular to the c axis. The presence of a new phonon
mode at 1.1 THz was observed with a good degree of confidence for the first time.
Measurements of THz dispersion and absorption properties of GaS crystals are per-
formed for the first time. These measurements enable the use of Takaoka et al ’s Eqn
3.13 [302], to determine the refractive index of GaSex−1Sx crystals for a given mixing
ratio, x. We determined the birefringence for GaSe,GaS and GaSex−1Sx crystals,
and recommend Chen et al ’s estimates [202], from the existing Sellmeier equations,
as those which best fit the experimental data. The transformation of the optical
properties of the crystals and their phonon structure, with respect to Sulphur con-
tent, is studied and the possibility of using THz-TDS as an assessment tool, for
crystal composition and quality, is discussed. The impact of the transformation of
the optical properties with sulphur content on the nonlinear Figure of Merit FoM is
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discussed, and the optimal doping level recommended.
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4.1 Introduction
In this chapter we will investigate the possibility of engineering the transparency
windows in GaSex−1Sx crystals by means of doping. The phonon bands of the GaSe,
GaS and GaSex−1Sx crystals will be examined by FTIR and Raman spectroscopy and
their transformation with respect to doping is studied. We estimate for the first time
the absorption coefficients of the main phonon peak in the set of GaSex−1Sx crystals
using thin (10s of µm) exfoliated samples. The polytype of the grown GaSex−1Sx is
investigated and the appropriate relations for calculating deff is identified. Sellmeier
equations for the full transparency range of GaSe and GaS crystals, designed in part
from the results found in this work, are presented.
Doping of semiconductor crystals is common practice for engineering a variety
of desirable properties, both optical and electrical, such as the fabrication of high
resistance crystals for nonlinear optical frequency conversion. These impurities are
known to modify the phonon structure of the host material. The transformation
of the phonon band in doped GaSe crystals is more sensitive to mixing ratios than
the short-wave edge, suggesting that transformation of the phonon band may be a
convenient assessment tool for monitoring doping levels [266, 209, 210, 307]; though,
as we have seen in Chapter 3, THz-TDS is more sensitive and in many respects more
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convenient.
Determining the amplitude of the main IR active phonon mode, at 213 cm−1, and
its evolution with sulphur content (x) are key to understanding the dispersion prop-
erties of GaSex−1Sx crystals and determining the efficiency of Mid-, Far-IR and THz
frequency generation [212]. Accurate Sellmeier equations for the full transparency
range are predicate on establishing the main phonon. Inaccurate estimations of
the amplitude of the main phonon peak in GaSe and its reproduction elsewhere
in the literature has lead to the development of several sets of incorrect dispersion
equations [283, 284, 202].
Furthermore, the absorption edges of the phonon band set the practical lower
limit for nonlinear optical frequency conversion in the IR and the upper limit for THz
generation. As we have seen from Eqn 3.10 the contribution of the lowest transverse
optical phonon mode dominates the optical properties of the crystals at higher THz
frequencies. Furthermore, we have also seen from Eqn 3.15 that lighter elements shift
the phonon modes to frequencies, while heavier elements shift the phonon modes to
lower frequencies. So, it has been suggested that doping GaSe with lighter elements
could perhaps shift of the phonon band to higher frequencies, providing access to
higher frequency regions of the THz regime for nonlinear frequency conversion [212],
increasing the bandwidth of such devices.
A large number of Raman spectroscopy studies have been conducted on GaSe,
GaSex−1Sx and GaS crystals. It is possible using Raman techniques to determine
the polytypes present in GaSex−1Sx crystal; however, in common with other areas,
the literature, surrounding these studies, is often in contradiction with the results
scattered. On the other hand, Raman spectroscopy readily resolves the phonon fre-
quencies, their transformation and their relative intensities, but measurements of
their absorption coefficients is out of reach; furthermore, not all phonon modes are
both Raman and IR active due to selection rules. However, as GaSe is a noncen-
trosymmetric crystal, modes that are both IR and Raman active are permitted and
we can investigate the evolution of the principle phonons modes, TO and LO, to
some degree. Conversely, FTIR spectroscopy systems are ideally suited to making
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measurements of the absorption spectra of crystals, though, due to the lack of suffi-
cient dynamic range or sensitivity, the main phonon band in GaSe and GaSex−1Sx
has not been widely investigated [212].
4.2 FTIR Spectroscopy of GaSe1-xSx
A significant number of FTIR studies have also been carried out for GaSe [308, 309,
221, 212, 211, 310, 202, 266, 307], GaSex−1Sx [221, 311, 312, 307, 310] and other
doped GaSe crystals [211, 313, 209, 274, 210]. However, unlike Raman measure-
ments, the phonon peaks are not readily resolvable. The main IR phonon mode in
GaSe and GaSex−1Sx is extremely intensive, so in most instances it is not possible to
determine its amplitude [314, 212], as the detectors in conventional FTIR systems
lack sufficient dynamic range. Alternatively, reflection geometries have been used to
examine the reflection spectra in some instances [315, 316]. Moreover, many of the
instruments employed to conduct spectroscopic studies in GaSe and GaSex−1Sx have
a lower limit of sensitivity around 25 µm or 400 cm−1. While more than acceptable
for investigating the transparency window of GaSe crystals, in the range 0.6-20 µm,
it falls sort of the range needed to examine the main phonon band in the range 40-50
µm [202, 212].
4.2.1 Experimental details
Spectroscopy measurements were performed on 4 different FTIR systems in this
study. In two systems (Cary and Bruker, Vertex 80) the measurements were con-
ducted in ambient atmosphere where the high density of water lines resulted in
problematic and highly unsatisfactory measurements. Using an instrument (Bruker,
Vertex 80) purged with N2, the majority of the waterlines were removed, improving
the results, but at the cost of a highly variable background. Only the evacuated
system (Bruker, Vertex 80V) produced acceptable results. The measurements pre-
sented here were conducted at a resolution of 0.25 cm−1, using an unpolarised light
source and a liquid He cooled detector. The cleaved samples were installed on an 8
mm aperture, such that E⊥c− axis, in an evacuated chamber (> 10−6 torr) at 300
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K.
As mentioned above, the main IR phonon mode in GaSe and GaSex−1Sx is ex-
tremely intensive and the detectors in conventional FTIR systems lack sufficient
dynamic range to fully resolve them. This necessitates the special preparation of
extremely thin samples (10′s of, µm). Thin samples do have the advantage of elim-
inating the majority of the interference effects present in thicker samples.
Such samples were obtained though repeated exfoliation using scotch tape. The
samples were pressed between two Silicon (Si) plates to ensure plane surfaces. Initial
trials of samples using singly exfoliated GaSex−1Sx produced 100′s ofµm thick layers
which proved too absorbing and curled readily, hindering measurements. For clean
exfoliation the edge of the crystals should be dressed to a steep chamfer using a keen
scalpel. Care should be taken in applying the scotch tape for exfoliation, insuring no
wrinkles or air bubbles are present and that there is good contact with the surface
before exfolitaion. Prepared samples should be checked carefully for the presence of
micro-holes.
A range of samples were prepared including, one GaSe sample 16µm thick and
several GaSex−1Sx samples x = 0.11, 0.22, 0.44 with thicknesses of 21, 25 & 8 µm
respectively. The thickness of these samples were determined to an error of 2%
by G. Moschetti of the Engineering Measurement group at NPL, using his well-
characterised home-built Wavelength Scanning Interferometer [317, 318] .
4.2.2 Absorption and Evolution of the main phonon band
of GaSe1-xSx
In Figure 4.1 we can see, that by using thin samples, the phonon bands in GaSex−1Sx
x = 0, 0.11, 0.22, 0.44 have been successfully resolved. Several features are quickly
apparent, the main phonon mode E’(TO) at 213 ± 0.25 cm−1 (46.7 µm) shifts to
higher frequencies with increasing sulphur content. In the presence of sulphur doping
several new phonons arise in the range 260-360 ± 0.25 cm−1 (28-38.5 µm), and the
evolution of the phonon band with doping is complex.
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Figure 4.1: FTIR transmission spectra for thin samples of GaSe, GaSex−1Sx (x =
0.11, 0.22, 0.44).
The absorption structure of the IR active modes in GaSe has been measured in
transmission by Chen et al [202], while reflection studies had previously established
the centre frequencies of the principle modes [319, 277, 320, 316], including the
transverse optical E’(TO) at 213.5 cm−1 (46.8 µm, 6.4 THz) and the longitudinal
optical E ′(LO) at 255.1 cm−1 (39.2 µm, 7.65 THz). While we clearly observed the
TO phonon at 46.7 µm for GaSe crystals, the LO phonon has not been observed
at 255.1 cm−1 in any of our measurements across the full range of samples and a
variety of sample thicknesses (10-100 µm). A phonon peak does emerge from the
shoulder of the TO phonon at 230.5 ± 0.25 cm−1 (43.4 µm, 6.91 THz) which follows
a similar shape-form to that observed by Chen et al [202]. But from Chen et al ’s
discussion we attribute this feature to the A′1 phonon mode. As the thickness of the
samples is increased, the width to the phonon peak broadens considerably and in
an asymmetrically form, growing to the higher frequency side. Chen et al ’s samples
were almost an order of magnitude thicker (170 µm) than those used in this study,
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suggesting that E’(LO) phonon may appear at the observed frequencies in thicker
samples.
Table 4.1: IR active phonons observed in the absorption spectra of thin GaSe and
GaSex−1Sx crystals.
Crystal x E ′(TO) A′1
cm−1 cm−1 cm1 cm−1 cm−1 cm−1 cm−1
GaSe 123.4 177.5 212.7 - - - -
GaSex−1Sx 0.11 125.4 180.8 218.1 - 270 290.3 323.1
GaSex−1Sx 0.22 134.9 179.9 214.6 227.5 272 279.7 325
GaSex−1Sx 0.44 135.4 177.9 218 230 261.4 280.2 334.2
The newly arisen phonons at 271, 279 ± 0.25 cm−1 (37, 36 µm) have not been
previously noted by Chen et al [212, 202] or others [319, 315, 308, 316]. They
also do not correspond to the phonon frequencies for known GaSe impurities [314].
The mode at 324 ± 0.25 cm−1 (31 µm) has previously been observed by Chen et
al, while 302 cm−1 (33.1 µm) present in their work is missing here [212]. Hence,
given the observation and growth of these news mode in the presence of sulphur
doping, we conclude that they are due to the influence of the GaS parent crystal,
which is reflected in earlier measurements of GaS crystals in the range 18-25 µm.
Figure 4.2 shows phonon modes observed in transmission from a thin GaSex−1Sx x
=0.44 sample. The evolution of 7 of those modes with sulphur doping is presented
in Figure 4.3. Three of the modes (A,B & C) are present in all the samples and
originate from the GaSe parent crystal. The four high frequency modes (D, E, F,
G) present themselves in the sulphur doped crystals, though from the literature,
mode D at 230.5 ± 0.25 cm−1 likely originates from the GaSe parent crystal. The
evolution of the modes is complex and no general rule presents itself. However, it
is to be noted that in the region of optimal doping x = 0.11-0.22 the frequency
distribution of the modes decreases significantly and they move towards the centre
of their respective photon bands, either GaSex−1Sx, or the proposed GaS band.
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Figure 4.2: Observed phonon modes in a thin GaSex−1Sx sample x = 0.44.
Figure 4.3: Evolution of IR active phonons in FTIR spectra of GaSe and GaSex−1Sx
samples x = 0.05, 0.11, 0.22, 0.27, 0.44.
Modes A at 123.4 ± 0.25 cm−1 (81 µm) and B at 177.5 ± 0.25 cm−1 (56.3 µm)
shift by 5.45 GHz and 9 GHz in the presence of sulphur doping but then remain
relatively stable as the doping increases. The main phonon peak E’(TO) (C) is
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observed to shift linearly to higher frequencies by 15 GHz/mass% in the presence
of sulphur from 213 ± 0.25 cm−1 (46.8 µm) to 218 ± 0.25 cm−1 (45.9 µm). The A1’
mode (D) follows a similar trend. The GaS associated modes follow a more complex
transformation. Modes E at 270 ± 0.5 cm−1 (36 µm) and F at 280 ± 0.25 cm−1 (37
µm) first move closer together in the optimal doping range, before diverging rapidly,
to 261.4 ± 0.25 cm−1 (38.2 µm) and 290.3 ± 0.25 cm−1 (34.45 µm) respectively, at
higher sulphur concentrations. Phonon G at 325 ± 0.25 cm−1 (31 µm) follows the
same general trend as F, shifting to 334.2 ± 0.25 cm−1 (29.92 µm) at higher sulphur
concentrations.
Figure 4.4: Absorption spectra of the E’(TO) mode in GaSe, GaSex−1Sx samples x
= 0.11, 0.22, 0.44.
Figure 4.6 presents, for the first time, the evolution of the estimated absorption
coefficients for GaSex−1Sx crystals, x = 0.11, 0.22 0.44, calculated using the relation:
α =
2
d
ln
[
I
I0T
]
(4.1)
where d is the thickness of the crystal, I is the transmitted intensity, I0 is the incident
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intensity, T = 1−
[
n− 1
n+ 1
]2
is the transmission factor and n is the refractive index.
The estimates were calculated using the value of refractive index n for GaSe crystals
found in the literature [315, 202]. It can be seen that the intensity of the phonon
decreases in intensity with increased doping, from α = 3 ± 0.75× 104 cm−1 in GaSe
to α = 2.3 ± 0.6×104 cm−1 in GaSex−1Sx, x = 0.11, and α = 2 ± 0.4×104 cm−1 for
x =0.22. The results for x = 0.44, show an increase in absorption α = 3.3 ± 0.8×
104 cm−1, this varies from the expected continuing decay of the phonon mode. The
values for the absorption coefficient can be assumed to have significant errors ∼ 20%.
These error are a result of the extreme thinness of the samples, the variable baseline
on the measurement (x = 0.44 in particular) and the sensitivity of the transmission
factor due to the strong anomalous dispersion around the phonon mode. So, the
estimated value for GaSe is found to be in reasonable agreement with those found
in the literature: α = 4× 104 cm−1 [212, 202, 283]
As seen, sulphur doping significantly transforms the structure of the phonon band
in GaSe crystals. The THz regimes benefits from the lower absorption and refractive
index associated with the decay of main phonon mode and its slight shift to higher
frequencies, the effect of which is evident in the results in Chapter 3. However,
the E ′(TO) mode remains intensive and significant increase in the bandwidth of
a THz OPO would not be forthcoming, as absorption will remain large at higher
frequencies. On the other hand, the longwave edge of the main transparency window,
shifts significantly to higher frequencies, as a result of the phonons arising from
sulphur doping, which is reflected in the literature, where the effects may be observed
at wavelengths in the range 16-22µm [221, 311, 310, 312, 266, 209], so the ability to
FIR generation in this range would be seriously reduced.
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4.3 Raman Spectroscopy of GaSe1-xSx
Since the 1960’s, a significant number of Raman spectroscopy studies, both theo-
retical and experimental have also been conducted , first on GaSe and GaS [321,
322, 323, 237, 291, 102] and later on GaSex−1Sx [324, 321, 325, 103, 326, 327, 237,
328, 291], as well as other doped GaSe crystals [329, 291]. As with all the literature
encountered to date, the results tend to be scattered, inconsistent and contradic-
tory, in particular the discussion and interpretation of results. However, Raman
spectroscopy studies are relatively easy to conduct, transformation of the centre fre-
quency of the E ′(TO) mode can be observed, and due to the ubiquity of commercial
instruments, the main features of the crystals’ spectra are well established.
The determination of the polytype composition of the crystals is important for
optimising the crystal growth process, higher quality crystals having reduced admix-
tures. Furthermore, while the linear optical properties of the different polytypes are
largely the same, the nonlinear properties vary significantly. The effective nonlinear
coefficient is dependent on the crystal polytype, the relations for determining deff
in each are given in Table 4.3 [214].
Table 4.2: Relations for determining effective nonlinear coefficient (deff ) for ε, γ &
δ-polytypes of GaSe crystals.
Polytype Type-I interaction Type-II interaction
ε d22cos θ sin 3φ d22cos
2 θ sin φ
γ d22sin θ − d22cos2 θ sin φ d22cos2 θ sin 3φ
δ d22sin θ 0
β 0 0
From these relations, using the values for the optical properties from before, and
assuming the φ-angle is maximised, the angle dependent effective nonlinear coeffi-
cient is calculated for ε, γ & δ-polytypes and the results presented in Figure: 4.5.
As β is a centrosymmetric crystal, the second order nonlinear coefficient vanishes.
From these results the Figure of Merit, in the THz regime, is calculated and pre-
sented in Table 4.3. We can see that, the nonlinear FoM, and thus, the efficiency
of nonlinear frequency conversion and the most appropriate interaction type, are ef-
fected by the crystal polytype; the ε-polytype is preferred as it maximise conversion
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Figure 4.5: Angle dependent deff for Type I & II interactions in the ε, γ & δ-
polytypes of GaSe.
efficiency in the THz regime. So, for high quality crystals and optimised efficiency
the polytypism of the crystals should be well controlled.
Table 4.3: Nonlinear Figure of Merit (FOM) for the ε, γ & δ-polytypes of GaSe
crystals.
Crystal Type ε-Polytype γ-Polytype δ-Polytype
FoM FoM FoM
GaSe I 19.8 12.5 0.6
GaSe II 19 19 -
4.3.1 Introduction to Raman spectroscopy
Raman spectroscopy differs from FTIR and THz-TDS in several respects. IR spec-
troscopy is based on the absorption of photons, whose energies correspond to the en-
ergy difference between vibrational states of molecules, from a polychromatic source.
Raman spectroscopy relies on the inelastic scattering of monochromatic photons
from these molecules. The energy difference between the incident photons (hωL)
and the scattered photons (hωR) is equal to the transition energy of the vibrational
states (hωk):
hωR = hωL ± hωk (4.2)
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The energy differences are in the same range as the absorbed photons in IR spec-
troscopy, but may be interrogated by UV, visible and near-IR sources. Due to
selection rules, vibrational modes which are Raman active are not IR active and
vice-versa, however, in non-centrosymmetric crystals, such as GaSe, some modes
maybe be both IR and Raman active. The intensity of absorbed light in IR spec-
troscopy is dependent on the change in the dipole moment IIR ∝
(
∂µ
∂q
)2
, where
as the intensity of Raman scattering is dependent on the change in the polarisation
IR ∝
(
∂α
∂q
)2
; so, Raman spectroscopy often presents spectra which are complimen-
tary to those of FTIR spectroscopy.
Inelastic scattering can be described classically; if we consider a molecule in an
electrical field, then the induced dipole moment is give by [330]:
µinduce = αE (4.3)
where α is the polarisability tensor, which is characteristic of the material and E
is the electric field. Provided that the electric field is not too strong the induced
dipole moment remains linear with E. In an oscillating electric field E = E0cos(ωt),
the induced dipole becomes:
µinduced = α(ω)E0cos(ωt) (4.4)
where α(ω) contains both a static component and a time varying component related
to the vibrational modes of the molecule at some frequency ωk, given as:
α(ω) = α0 + α1cos(ωkt) (4.5)
Substituting Eqn 4.5 in to Eqn 4.4 we can find:
µinduced = [α0 + α1cos(ωkt)]E0cos(ωt) (4.6)
= α0E0cos(ωt) +
1
2
α1E0 {cos [(ω + ωk)t] + cos [(ω − ωk)t]} (4.7)
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resulting in three terms:
α0E0cos(ωt) Rayleigh Scattering
α1E0cos [(ω − ωk)t] Stokes
α1E0cos [(ω + ωk)t] Anti-Stokes
In Rayleigh scattering, the energy of the incident and scattered light are the same.
In the two Raman scattering terms, the energy of the scattered light either is reduced
by the transition energy of the vibrational mode, h(ω−ωk) (Stokes), or is increased
by the transition energy of the vibrational mode, h(ω + ωk) (Anti-Stokes).
Figure 4.6: Schematic representations of Rayleigh and Raman scattering.
The efficiency of inelastic scattering is quite low, ≈ 1 in 106, so the majority of
photons are scattered elastically as Rayleigh scattering. At room temperature, the
majority of molecules tend to be in the lower vibrational states, so the number of
inelastically scattered Anti-Stokes photons is much lower than the number of Stokes
photons.
4.3.2 Experimental details
Raman spectroscopy was conducted using Raman microscope (inViva Renishaw,
UK), with a 1064 nm Nd:YAG pump source. The beam was aligned for optimal
focus and shape using a collinearly propagating HeNe, in advance of measurements.
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Using a 1064 nm laser reduces unwanted two photon absorption, scattering and fluo-
rescence. The lower limit of the measurement range for this instrument is 100 cm−1
(100µm) as a result of the filter bandwidth. The Anti-Stokes spectra were not
recorded. Prior to, during and after the measurement the instrument was calibrated
using the well known Raman peak in Silicon (Si) wafer at 520.7 cm−1
Both cleaved and cut & polished crystal samples were measured. Materials were
carefully handled to avoid contamination, samples were placed on, fresh, clean mi-
croscope slide prior to installation in instrument. The slide was checked for Raman
peaks before measurement, to avoid any artefacts in the results, and the slide back-
ground spectrum was removed from measurement results in software processing.
Measurements of cleaved samples were made on freshly exfoliated samples ensuring
a clean surface.
The extinction level was set using variable filters, such that the intensity of the
strongest phonon mode was at approximately 80% of saturation level. All subsequent
measurements were performed at this setting to allow direct comparison. The results
are an average of 5 sets of measurements across the sample surface. Each set of
measurements consisted of an average of 5 measurements of 10 s duration. The
optical microscope was used to ensure measurements were made on clean defect-free
areas of the crystals.
The Raman microscope system has no defined polarisation axis on the input or
output and detection is not polarised, so, in spite of efforts, negligible change in
measurement results is observed through rotation of the cut and polished samples.
All measurements were conducted at 300 K, at sea level, and in normal atmospheric
conditions.
4.3.3 Results
The Raman spectra of pure ε-polytype GaSe crystals are relatively simple being
characterised by 3 intense narrow phonon lines A′1 at 133 cm
−1, E ′(TO) at 213 cm−1
A′1 at 307 cm
−1 and a weaker line E ′(LO) at 250 cm−1, as depicted in Figure 4.8.
These lines correspond to the the vibrational modes within the crystal’s covalently
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bonded Se-Ga-Ga-Se primitive layers [237]. The labelling of vibrational modes for
the crystals follows the nomenclature set out in the literature [291, 327] and is
depicted in Figure 4.7. Lines labelled ‘E’ represents shear modes, while those labelled
Figure 4.7: The β and ε polytypes of GaSe, GaSex−1Sx & GaS crystals [327].
as ‘A’ represents compression modes. The GaSe phonon at 133 cm−1 is extremely
intense. It has an amplitude 3 times that of the strongest GaS line at 188 cm−1
as shown in Figure 4.8. The Raman spectra of β-polytype GaS crystals are also
Figure 4.8: Raman spectra of pure GaSe and GaS crystals
relatively simple, characterised by 2 strong phonon lines A11g at 188 cm
−1 and A21g
at 360 cm−1, with weaker lines E ′ at 215 cm−1 and E12g at 291 cm
−1, as shown
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in Figure 4.8. The arrangement of atoms within the layers of GaS is similar to
those GaSe, but the Selenium atoms are replaced by Sulphur, forming S-Ga-Ga-S
cells [327]. As described above, the arrangement of atoms with the layers of GaSe
Figure 4.9: The β, ε & γ polytypes of GaSe, GaSex−1Sx & GaS crystals [331].
and GaSex−1Sx are very similar, consisting of two layers of Ga atoms sandwiched
between layers of Se and S atoms respectively [237, 327]. Five regular stacking
polytypes have been identified in the literature for GaSe; the β, ε & γ polytypes
are represented schematically in Figures 3.8, 4.7 & 4.9. The centrosymmetric β-
polytype has a unit cell that includes sections of two crystal layers, with the space
group symmetry D46h. The non-centrosymmetric ε-polytype, the main component
of “from the melt grown” crystals, belongs to the D13h space group symmetry and
its unit cell also includes two primitive layers [102]. The γ-polytype belonging to
C53ν space group symmetry has a unit cell that contains only one primitive layer and
is also non-centrosymmetric. The four-layer δ-polytype of C46ν is usually obtained
from the vapour phase [320]. Investigations by Allakhverdiev et al have suggest
that there also exists a polytype with 8 layers in the unit cell [102]. GaSe crystals
grown by Bridgman techniques and used in nonlinear devices, as is the case here,
are commonly of ε-polytype, but can contain admixtures of other polytypes. [102]
The stacking of the layers in GaS crystal grown from the melt is invariably of the
centrosymmetric β-polytype [332], though even in crystals of pure GaS Maker fringe
experiments produce weak SHG generation [333]. So, it is the case that GaS can
also contain an admixture of ε and γ polytypes.
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4.3.4 Evolution of Raman active phonons in GaSe1-xSx
with doping
The transformation of the Raman spectra of GaSex−1Sx with Sulphur doping is
complex as a result of the multiplicity of polytypes that can exist within the parent
GaSe and GaS crystals. Similar to parent crystals, the unit cell of the solid solution
crystals contain up to fourfold primitive layers; stacking then gives rise to at least
four well known structural modifications: ε, β, δ and γ. GaSe and GaS crystals
form a continuum GaSex−1Sx compounds, where the mixing ratio varies from x =
0 to 1. In solid solution single crystals this can lead to the presence of a range
of dissimilar crystallised phases, depending on the differing composition and its
tendencies towards GaSe or GaS, [326], which is reflected in the phonon structure
[237]. The transformation of the phonon band reflects not only the polytype but also
the gradual incorporation of sulphur into the GaSe lattice. The S atoms being lighter
than the Se atoms lead to a shift in the lattice vibrations to higher frequencies. The
shift and splitting of the phonon lines can be used to deduce the ratio of Selenium
to Sulphur content [237].
Examples of the obtained Raman spectra for GaSe, GaSex−1Sx & GaS crystals
are presented in Figure 4.10. We can see that as the sulphur content increases, the
133 cm−1 phonon begins to collapse, first one (145 cm−1) and then a second (155
cm−1) additional peak rise up and out of its shoulder. The trend of these new peaks
is to grow in intensity with doping and shift to higher frequencies closer to the main
GaS phonon mode at 188cm−1 at a rate of 24.5 cm−1/x and 34 cm−1/x respectively.
A third mode begins to develop at 164 cm−1 in GaSex−1Sx, x = 0.44, appearing
as a shoulder on the higher frequency 168 cm−1 line. It has been proposed that
these multi-peak phonon modes are as a result of single crystal formation, and these
modes have previously been decomposed into different crystal species [327], the 133
cm−1 (A) mode as Se-Ga-Ga-Se and the 168-188 cm−1 (D) mode as S-Ga-Ga-S;
with the intermediate modes (B & C) representing Se-Ga-Ga-S lattice vibrations,
as shown in detail in Figure 4.11.
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Figure 4.10: Raman spectra of GaSe, GaSex−1Sx (x = 0.05, 0.11, 0.22, 0.27, 0.44) and GaS.
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Table 4.4: Raman active phonons observed in GaSe GaS and GaSex−1Sx crystals.
Crystal x A′1 A
1
1g E
′(TO) E ′(LO) A′1 E
1
2g A
2
1g
cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1
GaSe 133.64 - - 213.54 - 249.85 - 307.76 -
GaSex−1Sx 0.11 132.235 145.62 157.86 214.36 234.19 248.47 276.95 304.21 318.35
GaSex−1Sx 0.22 132.235 148.13 159.27 214.65 233.34 245.46 279.14 303.41 327.32
GaSex−1Sx 0.44 133.64 154.82 168.16 215.74 232 - 280.51 302.32 338.16
GaS - - 188.11 215.74 - - 291.42 291.42 360.86
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Figure 4.11: Composition of the complex multi-peak phonon mode in GaSex−1Sx,
with GaSe and GaS.
Even after significant doping (x = 0.44), the 133 cm−1 is still present and no
shift in frequency is observed as shown in Figure 4.12. However, the mode does
begin to collapse as a result of doping and its relative intensity is reduced by >10
times. The main GaS phonon at 188 cm−1 is intensive, but still 3 time less intense
than that of the main GaSe Raman mode.
The phonon at 213-215 cm−1 which is the main IR phonon absorption mode,
is common to GaSe and GaS, and while quite intense for GaSe, it is drastically
reduced for GaS (10x) as seen in Figure 4.10. The greatly reduced E ′(TO) phonon
in GaS is to be expected, as it is a centrosymmetric crystal. A linear shift of the
GaSex−1Sx phonons to the higher frequencies with doping is observed, with a slope
of 4.5 cm−1/x (15 GHz/mass %)as shown in Figure 4.12. This is in good agreement
with the results of the FTIR measurements above.
Low amplitude features are seen at 250 cm−1 in GaSe shifting to 245 cm−1 in
GaSex−1Sx, x = 0.22; its presence is not detected in higher doping levels (Figure
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4.10). The amplitude of this phonon decays with increasing sulphur concentrations.
This is in contrast to the findings of Perez-Leon et al who observed the growth
and strengthening of the feature with doping and attributed it to the presence of
γ-polytype domains [237].
Another low amplitude feature appears in GaSex−1Sx crystals around 234 cm−1,
for x= 0.11 and shifts to 232 cm−1 for x = 0.44 (Figure 4.10). It remains weak,
again, in contrast to the findings of Perez-Leon et al who, once more, observed
the growth and strengthening of the feature with doping and attributed it to the
presence of γ-polytype domains[237].
The phonon feature at 308 cm−1 rapidly collapses with doping in GaSex−1Sx; as
the mode collapses, it splits into two components as shown in 4.10. One component,
the lesser of the two, continues to collapse with increasing x and shifts toward lower
frequencies and the GaS mode at 291 cm−1 at a rate of 16 cm−1/x. The other
component, after the initial collapse, grows in magnitude with doping and shifts
towards higher frequencies the intense GaS phonon mode at 360 cm−1 at a rate of
46 cm−1/x 4.12. The collapse of the low frequency components of split modes while
high frequency components continue to grow reflect the Se:S balance in the crystal.
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4.3.5 Discussion
Figure 4.12: Evolution of Raman spectra of GaSe, GaSex−1Sx (x = 0.05, 0.11, 0.22,
0.27, 0.44) and GaS with doping.
It can be seen that for mixing ratios x ≤ 0.11 and, in particular, 0.05≥ x ≥ 0.11,
the change between the Raman spectra are not as dramatic as for other values. This
is ascribed to the weak effect of this level of doping on the crystal lattice param-
eters and borne out by measurments made by colleagues at the Siberian Physical-
Technical Institute of Tomsk State University (Figure 4.13). In contrast to Vegard’s
law, a flat dependence on sulphur content is observed for x ≤ 0.11, which may be
due to a nonlinear response of the defect concentration to Sulphur doping.
143
Chapter 4: FTIR and Raman spectroscopy of GaSe1-xSx
Figure 4.13: Lattice parameters versus S-doping for GaSex−1Sxcrystals, Inset:SAED
pattern observed by TEM for GaSex−1Sx x = 0.44.
Brebner & Ficher (1964) gave the limits of possible mixing ratio limits for ε and
γ- polytypes in GaSe1xSx as 0 ≤ x ≤ 0.1, while the centrosymmetric β-polytype
dominates at x ≥ 0.6 [324]. However, Allakhverdiev et al and others have observed
SHG crystals with a sulphur content up to x = 0.8 [103, 237], indicating the presence
of noncentrosymmetric components. Later, the mixing ratio limits were given as
0 ≤ x ≤ 0.01 for ε-polytype, 0.01 ≤ x ≤ 0.03 for ε and γ-polytype admixtures,
0.05 ≤ x ≤ 0.4 for γ-polytype and 0.5 ≤ x ≤ 1 for β-polytype in [325]. While, Ref
[103] states that the phase transition from the ε- to the β-polytype takes place for
0.2 ≤ x ≤ 0.3m and [326] placed this transition at = 0.4. More recent studies have
associated the 0 ≤ x ≤ 0.4 region with mixtures of ε and γ-polytype, while mixtures
of ε, γ and β-polytypes were observed for the 0.5 ≤ x ≤ 1 region [238], similar limits
were found for mixing ratios of β and γ-polytypes in [237].
From Perez-Leon et al ’s discussion, the phonon modes at 234 cm−1 and 250
cm−1 which are indicative of the presence of γ-polytype [237]; we found that these
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modes remain weak or decay with increasing sulphur content, up to x = 0.44. Thus,
our results show we have ε-polytype with only a weak presence or a decrease in the
admixture of γ-polytype in the crystal with increased doping and improved lattice
structure.
The question of which mixing ratio leads to what polytype is rather complex, with
a satisfactory solution yet to be found while the literature surrounding GaSex−1Sx
compounds remains scattered, inconsistent and contradictory. There are however
strong indications that other factors in the growth process, outside of the mixing
ratio, play an important role in determining the polytypism of the crystals [237, 334],
this is reinforced by the variation in polytypism that has been found along the growth
axis of GaSex−1Sx crystals [237]
Using X-ray methods to identify different polytypes and analysis of their relative
content and location within a sample is also challenging as the 2θ angles of the most
intensive diffraction lines for β, ε, γ, δ-polytypes are very close, and non-destructive
characterization by X-ray reflection from the surface can only analyse a thin layer
of the sample [214]. A non-linear optical method proposed by Andreev et al does
not allow the identification of β-polytype [214].
Furthermore the difficulty in determining the as grown crystal composition, due
to strong effect of low doping concentrations on physical properties of GaSe, e.g. in
the case of Al-doping [103], adds an additional layer to ambiguity to the problem.
However, it remains the case that, only weak indication of other polytype ad-
mixtures were found in the measured crystals, thus we can conclude that the grown
crystals are of a high quality and that we are free to use the effective nonlinear co-
efficient relations for ε-polytype. Hence, the efficiency of generation for both Type-I
& II interactions is maximised.
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4.4 New Sellmeier Equations for full transparency
range for GaSe and GaS
As discussed previously, of the known sets of Sellmeier equations, only 3 are suitable
for use in the THz regime [202, 295, 293]. Of these 3, Vodopyanov’s equations are
in widespread use for THz applications despite this being well outside their claimed
validity range (0.65 - 18 µm) [293]. The values predicted by Refs [295, 293] are not
in good agreement with the results in this work or those found in the literature;
Chen et al ’s equations are found to be the best fit of existing estimates.
Using the result in this work for the optical properties of GaSe and GaS crystals
in the THz and FIR regimes, described above, and the best available mid-IR data,
from phase matching experiments and the literature [294, 103], colleagues at the
Siberian Physical Technical Insitute of Tomsk State University, designed by nonlin-
ear methods new Sellmeier equations, presented below and depicted in Figure 4.14,
for the full transparency range of both GaSe and GaS crystals, i.e. 0.8–20 µm and
4–0.2 THz; the relations for GaSe allow for the anomalous dispersion around the
E ′(2) rigid layer phonon mode at 0.595 THz.
Sellmeier equations of GaSe crystals
n2o = 10.6409 +
0.3788
λ2 − 0.1232 +
6963.32
λ2 − 2198.85 +
0.017λ2
λ2 − 262177.5577 (4.8)
n2e = 5.76 +
0.3879
λ2
+
0.2288
λ4
+
0.1223
λ6
+
0.3706λ2
λ2 − 1780.3 (4.9)
Sellmeier equations of GaS crystals
n2o = −
0.01129
λ6
+
0.03648
λ4
+
0.51402
λ2
+ 6.59624 +
2.71047λ2
λ2 − 1025.42116 (4.10)
n2e =
0.0113
λ6
+
0.10569
λ4
+
0.44573
λ2
+ 4.92114 +
0.315λ2
λ2 − 720.12225 (4.11)
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(a) Dispersions (b) Birefringence
Figure 4.14: GaSe dispersions (a) and birefringence (b) as reported in the literature [202, 293, 295] and new estimates based on the measurements
in this work. New Estimates: black; curves calculated by dispersion equations from Ref [202] : olive, Ref [293] : blue, and Ref [295]: red.
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4.5 Summary
In this chapter, we have studied the main phonon band of GaSe, GaSex−1Sx & GaS
crystals by both FTIR and Raman spectroscopy. The transformation of the main
E ′(TO) phonon has been studied and its absorption coefficient estimated for GaSe
and GaSex−1Sx, x = 0.11, 0.22 & 0.44. The results of these estimates are found
to be in agreement with the published result for GaSe crystals within the margin
of error. The amplitude of the E ′(TO) phonon is found to decay with increased
sulphur doping and the centre frequency to shift to short wavelengths at a rate
of 375 GHz/x (15 GHz/mass% or 4.5 cm−1/mass%) in both the absorption and
Raman spectra. While this shift and decay improve the optical properties in the
THz regime, increasing the efficiency of nonlinear generation, the ability of OPOs to
operate at higher THz frequencies is not greatly enhanced. All the measured GaSe
and GaSex−1Sx crystals were found to be of the ε-polytype, the admixture of other
polytypes are found to be small and their content decrease with increased doping,
indicating the high quality of the crystals. Furthermore, as discussed, the ε-polytype
has the greatest effective nonlinear coefficient, maximising the frequency conversion
efficiency in GaSex−1Sx crystals. Sellmeier equations valid for the full transparency
range (0.8–20 µm & 4–0.2 THz) of GaSe and GaS designed by colleagues based, in
part, on the optical properties determined in this work are presented.
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5.1 Introduction
In this chapter, we will report on attempts to determine the key nonlinear optical
properties deff and n2 in the FIR and THz regimes for GaSe and GaSex−1Sx crystals
by the classic Maker fringe and Z-scan methods, pumped using the Felix free electron
laser. Measurements of these properties, which are crucial for designing efficient
nonlinear optical frequency conversion sources, have to date been largely confined
to around 1.064 µm.
It is obvious that a high χ(2) nonlinearity, the mechanism we wish to exploit for
the parametric generation of THz radiation, is desirable. As we have seen, χ(2) is
a key parameter in determining the efficiency of nonlinear frequency conversion of
radiation (Eqn 2.65) and the threshold of optical parametric oscillators (Egn 2.45)
[335]. So to optimise the design of nonlinear systems for efficient generation it is
necessary to know the magnitude of χ(2). However, at longer wavelengths, where,
from the Manly-Rowe relations, the efficiency of generation of THz radiation is
increased, the value of χ(2) has not typically been measured. Little direct data exist
for the Mid Infra-Red (Mid-IR) or FIR, with the exception of measurements in and
around 10 µm by means of CO2 lasers [297]. Nothing at all exists for the THz regime.
Generally the values are inferred from the system performance in the Mid-IR range
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and the values of nonlinear coefficients in FIR & THz regime are presumed to follow
on from those. Furthermore even in well established nonlinear materials such as
Potassium titanyl phosphate KTi2PO4 (KTP) and LiNbO3 the value of χ
(2) varies
considerably [335], likely a result of production process variation, as Armstrong
noted “not all KTP crystals are created equal” [336]. The values of the nonlinear
coefficient of GaSex−1Sx has been found to decrease with increased sulphur doping
[103, 215], though significant improvements in other areas compensate the efficiency
of nonlinear generation.
Figure 5.1: The effect of two-photon absorption on the frequency conversion effi-
ciency and oscillation threshold of a backward OPO [337]
χ(3) nonlinearity is responsible for the Kerr Effect, two-photon absorption and
self-focusing, which can lead to laser induced damage of materials. As such, it can
also play an important roll in the design, operation and efficiencies of nonlinear
frequency conversion sources; Zotova & Ding showed that two-photon absorption
increases the threshold oscillation for OPOs and at high values prevents oscillation
entirely [337], the increased threshold IThres,B being described by the relation:
IThres,B =
(
4
4− β′
)2
IThres (5.1)
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where β′ is the two-photon absorption for the given pump intensity and length of the
nonlinear medium and IThres is the oscillation threshold in the absence of two-photon
absorption.
χ(3) effects are most easily observed and measured through nonlinear refractive
index n2 via the Kerr effect. The Kerr effect is the induced change of refractive
index of a material due to the effect of an intense beam of light propagating through
it. The intensity dependent refractive index is defined as:
n = n0 + 2n2|E(ω)|2 (5.2)
where n0 is the linear refractive index, n2 is the time averaged nonlinear refractive
index and E(ω) is the incident electric field. The imaginary component of nonlinear
refractive index, nonlinear or multi-photon absorption has been widely studied at
1.064 µm [338, 339, 340, 341, 342] in order to determine the performance of ns and
ps Nd:YAG pumped OPOs and other nonlinear schemes [343]. As with other optical
data relating to GaSe and GaSex−1Sx, it is highly scattered and contradictory [341].
Little work is to be found relating to the real component of nonlinear refractive
index n2, and in some case, the authors designed the experimental set up to negate
its observation [338], or failed to report the results [339].
Measurement of the nonlinear coefficients in the THz regime has, without doubt
been hampered by the lack of suitable sources. The pump source for such measure-
ments has several requirements. The laser should be of high power to enable the
measurement of nonlinear phenomena. It is desirable that the source laser is short
pulsed to achieve high peak power while reducing the impact of heating on the crystal
and, hence, the resulting thermal lensing that may distort the measurements. Tun-
ability and narrow linewidth are required to select a number of fundamental pump
and generated wavelengths while avoiding absorption features that would negatively
effect the efficiency of SHG [344]. Currently, free electron lasers are the only source
that can readily meet those requirements for the THz range, as seen in Figure 5.2
[345].
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Figure 5.2: Power and tunability of the Felix free electron laser at Radbout Uni-
versity, Nijmegen, the Netherlands, compared against other current THz sources
[345].
Following the competitive submission of a proposal to determine the nonlinear
coefficients of a range of semiconductor and nonlinear crystals, we were awarded
beam time on the FELIX and FLARE instruments at free electron laser facility in
Radbout University, Nijmegen, the Netherlands.
5.2 χ(2) Nonlinearity
Direct determination χ(2) is normally achieved through the analysis of second har-
monic generation in the material. It is difficult to accurately analyse the data due
to a large number of parameters that must be considered, so the values often have
large uncertainties [346, 347, 348]. Phase-matched methods of determining χ(2) are
restrictive, as for a fixed frequency pump beam there is generally only a limited
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set of propagation angles that may be accessed. In most cases, this prevents the
determination of the full nonlinear tensor [335, 348].
Due to the high refractive index of GaSe, it is difficult to make phase matched
SHG as the internal angles required often exceed the critical angle for Total Internal
Reflection and the generated wave can not be readily coupled out of the crystal
[349]. Kador et al overcame this issue by means of specially fabricated semicircular
prisms [349]. Abdullaev et al determined the nonlinear coefficient of GaSe as d22 =
86±17 pm/V by phase-matched SHG at 10.6 µm using a CO2 laser [350, 102]. GaSe
has only one independent component, d22, in the polarisability tensor. Non phase-
matched techniques like the Maker Fringe method allow the light to propagate in any
arbitrary direction so the full nonlinear tensor may be determined [351, 336, 348].
In 1962, following Frankin’s demonstration of Second Harmonic Generation,
Maker et al placed a quartz plate in the focus of a Ruby laser beam (0.694 µm)
and measured the variation in intensity of the generated second harmonic radiation
(0.327 µm) as the angle of inclination of the crystal relative to the laser beam was
varied by around the z-axis [107]. The fringe pattern in Figure 5.3 was observed,
where the intensity of the generated second harmonic radiation I2ω varies with a
sinc2(∆kL) dependence, as the crystal rotates [107].
The fringes that result are due to the variation in the dispersion between the
fundamental at ω and the second harmonic at 2ω. The individual waves Eω and
E2ω are not phase-matched and, as they propagate, the energy flows back and forth
between the fundamental and second harmonic, as can be seen in Figure 5.3 belwo
and shown in Eqn 2.34. Rotating the crystal changes the distance over which the
two beams propagate and, thus, the intensity of the second harmonic I2ω observed
at the output face of the crystal.
Jerphagon and Kurtz, in their 1970, paper analysed the variation in I2ω and
related it to the second order nonlinear coefficient. Since then, the Maker Fringe
method has effectively been the standard means of establishing the value of χ(2)
nonlinearity [352, 335], with the theory and methods being improved over time.
Hayden and Herman refined the theory further, to account for absoption of Eω and
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Figure 5.3: Intensity variation (Maker Fringes) in the generate second harmonic
radiation as a function of angle, observed by Maker et al for a quartz plate in the
focus of a ruby laser [107]
E2ω, dispersion in the crystal and multiple reflection [352]. Kador et al measured
the nonlinear coefficient of GaSe as d22 ≥ 72 ± 6pm/V at 1.579 µm, by the maker
fringe method [353]. The Maker Fringe method has also been applied to GaSex−1Sx
crystals at 1.30 and 1.55 µm using cw laser diodes [344], but, unfortunately the
values for the nonlinear susceptibility were not provided.
A variation of the maker fringe method is the translate wedge [335], which has
several attractive advantages over the conventional rotational Maker Fringe method.
However, specially processing the crystals to a sufficient quality is non-trivial, and
given the limited stock of high quality crystals available it was not undertaken here.
Furthermore the results between the two methods have been found to be in good
agreement [335].
We assume that, through careful selection of the fundamental (ω) and second
harmonic (2ω), the effects of absorption will be minimised, and thus, will follow
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Herman & Hayden’s analysis for determine χ(2) in birefringent media [352], which
is summarised below.
The intensity of the transmitted second harmonic beam from a birefringent uni-
axial crystal, with negligible absorption, as a ratio of the pump beam and a function
of angle is defined by Herman & Hayden as Eqn 5.3 [352]; in the case of crystals
with standing waves, it describes the envelope of the generated second harmonic.
We can see that Eqn 5.3, closely resembles Eqn 2.65 from earlier, with additional
factors to account for the transmission loss of both the pump and SHG beams and
the variation of refractive index with angle in birefringent crystals.
I2ω
I2ω
=
{
128pi3
c
t4ωt
2
2ω
n22ω(θ2ω)cos
2γ2ωcos2(θ2ω − γ2ω)
(
2piL
λω
)2
×d2eff
[
n2ω(θω)
n2ωo
]4 [
(n2ω(θω)− n22ω(θ2ω)
n2ω(θω)− n22ω(θω)
]2
sin2Ψ
Ψ
}
(5.3)
where tm is the angle dependent transmission Eqn 5.9 & 5.10, nm(θm) is the
angle dependent refractive index, Eqn 5.7, γ is the walk of angle, Eqn 5.11, L is the
length of the crystal and λω is the wavelength of the fundamental pump beam. The
index m = (ω, 2ω) represents the fundamental and second harmonic respectively.
The phase mismatch Ψ is define as:
Ψ =
(
2piL
λ
)[
n2ωcosθωcω − n2ωc2ω
]
(5.4)
where sm and cm are:
sm =
(
1
nm
)
sinθ (5.5)
cm =
√
1− s2m (5.6)
As GaSex−1Sx is a birefringent crystal, it is necessary to account for the variation
in refractive index with angle. The Fresnel transmission and Snell’s law of refraction
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must be adapted to account for this.
The angle dependent refractive index is defined as:
nm(θm) =
(
cos2θm
n2mo
+
sin2θm
n2me
)− 1
2
(5.7)
n2ω(θω) =
(
cos2θω
n22ωo
+
sin2θω
n22ωe
)− 1
2
(5.8)
The angle dependent Fresnel transmission for the fundamental wavelength is
defined as:
tω =

2cosθ
cos(θω−γω)+nω(θω)cosγωcosθ , p polarised
2cosθ
cosθω+nωocosθ
, s polarised
(5.9)
The angle dependent Fresnel transmission for the second harmonic is defined as:
t2ω =
2n2ω(θ2ω)cosγ2ωcos(θ2ω − γ2ω)
cos(θ2ω − γ2ω) + n2ωcosγ2ωcosθ (5.10)
γm = cos
−1
(
nmonme
nm(θm) [n2mo + n
2
me − nm(θm)2]
1
2
)
(5.11)
The internal angle of propagation for the propagating beam is defined as:
θm = sin
−1
(
nmesin(θ)
[(nmonme)2 + (n2me − n2mo)sin2(θ)]
1
2
)
(5.12)
Samples are of millimetric thickness and given that the wavelengths are of the
order of 100 µm and the rate of increase in the refractive index is low, so walk-off is
not of great concern and helps reduce the effects of multiple reflections
5.3 χ(3) Nonlinearity
As we have seen above in Eqn 5.2, the refractive index of a material n can be
altered by an intense beam of light propagating through it. The measured value of
the nonlinear refractive index can be used to derive the value of χ(3). Measurements
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of n2 can be performed in a number of ways such as by optical phase conjugation
and optical Kerr gating. However, by far the simplest and most straightforward
to analyse method is the Z-scan technique developed by Sheik-Bahae et al in their
classic 1989 paper and whose method we will follow and summarise below [354, 355].
Z-scan allows the magnitude and sign of χ(3) to be measured, with a relatively
straightforward set up and not overly involved interpretations [355].
In the Z-scan technique, a Gaussian laser beam is brought to a focus while
passing through the nonlinear sample of interest as shown in Figure 5.4 (A). The
light then passes through an aperture placed in the far field at zap, where zapZR , and
ZR =
piω20
λ
is the Rayleigh range, sometimes called the diffraction length. ω0 is the
1
e2
beam radius at the focal point. Typically, the aperture limits the transmission of
the beam S to 10% - 50% i.e. S = 0.1-0.5. [355] The sample to be measured is moved
along the beam axis, through the focus and the transmitted radiation recorded as a
function of z, the distance to the focal plane. As the sample moves along the z-axis,
the intensity of the incident radiation increases in a known fashion, and, at high
intensities, a change in refractive index is induced. The change in refractive index,
alters the beam propagation and more or less radiation is transmitted through the
aperture.
In order to improve the accuracy of the results, is important to remove the
measurement background. In these measurements, the background was removed by
recording the transmission of the circular sample holder as a function of distance
from the focal plane (z) and dividing the measurement data by the result. The
laser power was monitored on a separate channel to compensate for pulse to pulse
variation.
The presence of strong nonlinear absorption prevents the accurate determina-
tion of n2. Two-photon absorption dominates the nonlinear absorption as typically
α2PA  α3PA, α4PA · · · . The effect of the nonlinear absorption, β can be mitigated
by performing an open aperture scan [354]. The sample is place in the beam and
transmission recorded as it is scanned along the z-axis. The aperture is opened or
removed so that the beam transmission is uninhibited and all radiation is collected.
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Figure 5.4: (A) Sheik-Bahae’s experimental set-up for Z-scan measurments, (B) Cal-
culated Z-scan transmission for both positive and negative 3rd order nonlinearity[354]
The intensity dependent change in absorption ∆α is defined as:
∆α = βI (5.13)
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To remove the effect of β, one needs to simply divide the normalised closed
aperture measurement by the normalised open aperture measurement [355]. The
now background free change in the normalised transmittance for the sample, ∆Tpv,
can be related to the induced phased distortion, ∆Φ0, by Sheik-Bahae’s empirically
derived relation [354]:
∆Tpv ∼= 0.406(1− S)0.27|∆Φ0| (5.14)
where Tpv = Tp− Tv, the transmittance at the peak and the valley respectively, S is
the aperture transmission as above and ∆Φ0 is defined as
∆Φ0 =
2pi
λ
n2I0Leff (5.15)
where Leff is the effective length of the crystal and I0 is the on axis irradiance at
the focus defined as:
I0 =
Emacro[J ]
Nmicroτmirco[s]
1
piw20[cm
2]
(5.16)
where Emacro is the energy of the laser macropulse, Nmicro is the number of mi-
cropulses per macropulse and τmirco is the length of a micropulse. The effective
length is defined as:
Leff =
(1− e−αL)
α
(5.17)
where α is linear absorption and L is the thickness of the crystal. From ∆Φ0 we may
find n2, the nonlinear refractive index, which can be used to find the real component
of χ(3) using the relation below [101]:
n2 =
3
4n20ε0c
χ(3) (5.18)
Having performed open aperture scans to remove the distortion of nonlinear absorp-
tion on the n2 measurement, we may also find the third order nonlinear absorption
coefficient β. The radiation induced absorption leads to a change in the transmit-
ted radiation incident on the detector ∆T (z), which for normalised transmisison is
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defined as:
∆T (z) ≈ − q0
2
√
2
1
1 + z
2
Z2R
(5.19)
where q0 = βI0Leff and I0 & Leff are as defined above, in Eqn 5.16 & 5.17 respec-
tively.
β =
q0
I0Leff
(5.20)
5.4 THz Maker Fringe Experiment
5.4.1 Experimental Setup
The FLARE instrument was run at 44 cm−1 in 20 MHz mode. Each laser pulse
or macropulse was 8 µs long and consisted of a train of 100 micropulses. The
micropulses had a repetition rate of 20 MHz and the macropulses a repetition rate
of 5 Hz, with an average power of 3 mW. Both Felix and Flare are provided with a
red alignment laser that propagates collinearly with the main Mid-IR/FIR beam.
To enable analysis of the nonlinear effects it is important to have a clean Gaussian
beam. To achieve a good beam profile the output of the Flare beam was focused
to a tight spot using a 100 mm Off-Axis Parabolic (OAP) mirror (M1). The beam
profile is then spatially filtered using an aperture that transmitted 50 % of the
incident energy (A1) and the beam was then re-collimated (M2). In the measurement
position between 125 mm OAP mirrors M5 and M6 the beam is brought to a focus.
The sample holder was a rotation mount on top of a rotation stage, enabling
rotation about the θ and φ angles respectively. The rotation stage itself was mounted
on an xyz translation stage to enable accurate placement of the samples in the focus
of the beam and along the axis of propagation between mirrors M5 and M6. An
aperture was placed in the sample holder and the system aligned for transmission
along the length of the stage. Detection was via a liquid Helium cooled GaGe
photoconductor. The sensitivity of the detector is shown below in Figure 5.6.
The energy of the fundamental beam readily saturates the photoconductor.
Given the difficulty in obtaining good optical filters at the higher end of the fre-
quency regime, selecting an appropriate fundamental wavelength is vital. The GaGe
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photodetector has its low frequency cut-off at 50 cm−1 (200 µm), so selecting a
wavelength longer than this will reduce impact of fundamental wavelength on the
measurement. Pumping at 44 cm−1 (227 µm) is well below the cut-off point while
the second harmonic 88 cm−1 (114 µm) is in the centre of the longer wavelength
sensitivity region. Furthermore, both wavelengths avoid the strongest THz phonons
in the crystals, allowing us to use the zero absorption case outlined above.
5.4.2 Measurement
Large aperture, high quality crystals are desired for this experiment so that the full
range of angles can be measured. GaSex−1Sx, x = 0.44, was selected, as it is the
GaSex−1Sx crystal with the largest diameter and has high optical quality throughout,
a ≈ 1.5mm thick sample was prepared. In addition to GaSex−1Sx, x = 0.44, number
of other high quality samples of nonlinear optical crystals were measured including
GaAs and Quartz (SiO2). The samples were rotated from -90
◦ to +90◦ relative to
the incident fundamental beam, althrough the sample mount reduce the effective
measurment range to -70◦ to +70◦ or less depending on samples size and fringes
were observed in all cases, as shown in Figures 5.7 & 5.8.
A blazed grating, with a period of 0.75 mm and an blazed angle of 16.5◦ cut
from stainless steel, was employed to separate the two wavelengths. The grating
Figure 5.5: Schematic of the experimental setup used for the Maker fringe experi-
ments.
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Figure 5.6: Variation in the response of the liquid Helium cooled GaGe photocon-
ductor with frequency.
proved largely ineffective and could not readily separate the second harmonic which
was too far outside the gratings effective range. As the efficiency of generation for
the SHG is low, and in spite of pumping at 44 cm−1, below the responsivity cut-off,
the residual signal from the fundamental beam is still dominates the measurement.
In order to demonstrate that the origin of the fringes is not a transmission
artefact of the fundamental beam measurements were recorded for centrosymmetric
Ge wafers; Ge’s crystal structure is face-centred diamond cubic, and no Maker fringes
were observed, as seen in Figure 5.8 (b).
The inability to separate the fundamental beam from the generated second har-
monic in the Maker fringes currently negates the possibility to make a quantitative
determination of the χ(2). On the other hand, we have observed the presences of
fringes and demonstrated that it is possible to perform these measurements in the
THz regime, using free electron lasers. A new grating is to be fabricated and an
additional measurement campaign pursued to determine the value of the second
order nonlinear tensor. For future experiments it should be considered to conduct
162
Chapter 5: Nonlinear Optical properties of GaSe1-xSx
Figure 5.7: Maker fringes observed in several measurements of GaSex−1Sx, x =0.44,
at λ = 113.5µm with a background from the fundamental at λ = 227µm
(a) GaAs & quartz (b) Germanium (Ge)
Figure 5.8: Maker fringes observed in GaAs and Quartz at λ = 113.5µm with a
background from the fundamental at λ = 227µm and fringe free transmission of the
fundamental beam through a centrosymmetric Ge wafer.
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measurements at low powers, where SHG is not observed, to compensate the fun-
damental transmission through the nonlinear crystals.
5.5 Z-scan Experiment
5.5.1 Experimental Setup
The experimental set up is depicted schematically below in Figure 5.9. After the
FELIX output port, a beam splitter was installed to pick of a portion off the beam to
monitor laser performance. The light was focused on to a pyro-electric detector and
the laser power recorded in parallel with measurements. A HeNe laser propagates
collinearly with the FELIX beam to ease the processes of alignment.
Figure 5.9: Schematic of the experimental setup for Z-scan measurements.
A clean Gaussian beam is desired for simple analysis of the results. To achieve
a good beam profile the available FELIX beam was focused to a tight spot using an
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OAP mirror (M3) Focal Length (FL) = 100 mm. The beam profile is then spatially
filtered using a pinhole (200 and 1000 µm), slightly smaller than the first minimum
of the diffraction limit point spread function a = 1.22
λf
d
, transmitting ≈ 90% of the
incident energy. The pinhole was mounted on a xyz translation stage to allow precise
alignment at the focal point. The beam was then re-collimated by another OAP
mirror (M4) FL = 100 mm. In the measurement position between OAP mirrors M6
FL = 150 mm and M7 FL = 250 mm, the beam is brought to a focus.
The samples were mounted in a circularly symmetric holder, with a clear circular
aperture of 9.4 mm, on top a xyz translation stage to enable placement of the samples
in the focus of the beam and translation along the axis of propagation between
mirrors M6 and M7. An aperture was placed in the sample holder and the system
aligned for transmission along the length of the stage. The transmitted radiation
was re-collimated by M7 and focused on a pyro-electric detector, by OAP mirror
(M8) FL = 250 mm.
The FELIX instrument was run in 20 MHz mode. Each laser pulse or macropulse
consists of a train of 110 micropulses. The micropulses have duration τmicro = 0.1
ns and a repetition rate of 20 MHz. The macropulses have a duration of 5.5 µs,
and a repetition rate of 5 Hz. The macropulse energy Emacro is dependent on the
operating wavelength of the laser, measured at the sample position Emacro = 0.7 mJ
for λ = 20µm and Emacro = 0.15 mJ for λ = 87µm.
The beam parameters in the measurement arm were determined, Figure 5.10.
When operating at λ = 20µm the beam waste was found to be w0 = 165µm. At
the focusing parabolic z = -152 mm the beam diameter was calculated as: w(z) =
11.8mm The Rayleigh length was calculated to be ZR = 3.1mm. For λ = 87µm
the beam waist was w0 = 420µm and the Rayleigh range calculated as ZR =
6.5± 0.5mm.
5.5.2 Measurement
One GaSe sample and three GaSex−1Sx samples x = 0.11, 0.17, 0.22 were measured
by the Z-scan technique at 20 µm and 87 µm using the FELIX instrument. It is
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(a) λ = 20µm (b) λ = 87µm
Figure 5.10: Transmitted energy of Felix instrument though both a pinhole and
sample holder as they are scanned along beam path a the measurement position.
necessary to have sufficiently large crystals so that the beam may pass through the
crystal without been clipped, preferably for a distance z > 5ZR [355]. The crystals
should also be thin, with the crystal thickness l ≤ ZR, though it is possible to
use thick crystals with a more complex analysis. The sample holder (diameter 9.4
mm) was scanned long the beam path to find the range in which there would be no
clipping of the beam and to establish a background shown in Figure 5.10.
A strong broad induced increase in the transmission curves is observed for all
crystals at both λ = 20 & 87µm. When normalised to the transmission profile of
the sample holder this broad increase is found to have nominally a Gaussian profile.
We assumed it to be the result of thermal lensing in the crystals [354] and remove
it in data processing, using a Gaussian fit as shown in Figure 5.11.
(a) Crystal Transmission (b) Background Removed
Figure 5.11: The effect of thermal lensing on crystal transmission, and normalised
transmission with background removed in there presence of thermal lensing.
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With the background and the effect of thermal lensing removed we are left with
the multiphoton absorption curves, as presented in Figure 5.12 (b) and others, which
is fitted with a Lorentzian function [355]. By measuring the depth of the absorption
peak, we may calculate the third order nonlinear absorption coefficient β as described
above using Eqns 5.19 & 5.20.
To obtain the nonlinear refractive index, we divide the normalised crystal trans-
mission for closed aperture by the normalised crystal transmission for the open
aperture; the resulting curves for nonlinear refractive index is presented below in
Figure 5.12 (a) and others.
By inspection we can see that the sign of the change in refractive index is positive,
the transmission first decreases before the focus and increases after in all samples,
in keeping with Sheik-Bahae’s results depicted in Figure 5.4 (B) [354, 355]. This is
analogous to placing a thin positive lens in the beam path; in advance of the beam
focus, the additional focusing of thin lens increases divergence in the far field, while
after the focus the thin lens collimates the beam, increasing transmission [354]. By
measuring the peak-to-valley change in transmission, ∆Tpv, the magnitude of the
nonlinear refractive index, n2, can be calculated as described above, using Eqns 5.14
& 5.15, and hence obtain χ(3) using Eqn 5.18.
5.6 FIR Nonlinearity of GaSe1-xSx
The results of the measurements for the FIR regime are presented in Table 5.6. The
improvement in the shape form of the curves for the measurements from GaSe to
GaSex−1Sx, x =0.11, can be attributed to the improvement in the crystal quality
near optimal doping. The measurements are seen to become noisier for GaSex−1Sx,
x = 0.17 & 0.22 (Figures 5.15 & 5.14), which can be explained by the increase in
absorption at λ = 20µm, as the increase in sulphur content shifts the edge of the
transmission window to shorter wavelengths.
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(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.12: Normalised transmission though the crystals samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSe at λ = 20µm.
(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.13: Normalised transmission though the crystal samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSex−1Sx x = 0.11 at λ = 20µm.
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(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.14: Normalised transmission though the crystal samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSex−1Sx x = 0.17 at λ = 20µm.
(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.15: Normalised transmission though the crystal samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSex−1Sx x = 0.22 at λ = 20µm.
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Table 5.1: Nonlinear absorption (β), nonlinear refractive index (n2) and 3
rd nonlin-
ear optical coefficient (χ(3)) for GaSex−1Sx crystals at λ = 20µm
.
Wavelength GaSex−1Sx β n2 χ(3)
µm x cm/W cm2/W m2/V 2
20 0 6.0± 0.6× 10−7 3.3± 0.3× 10−7 1.3± 0.1× 10−12
20 0.11 5.5± 0.4× 10−7 5.4± 0.5× 10−7 2.1± 0.2× 10−12
20 0.17 3.8± 0.6× 10−7 3.2± 0.5× 10−7 5.9± 0.1× 10−13
20 0.22 7.3± 0.7× 10−7 7.4± 0.6× 10−7 2.8± 0.2× 10−12
5.7 THz Nonlinearity of GaSe1-xSx
The results of the measurements for the THz regime are presented in Table 5.7.
An increase in the multiphoton absorption is observed in all crystals at λ = 87µm,
as compared with that at λ = 20µm, while perhaps initially somewhat counter-
intuitive, the two-phonon edge i.e. half the wavelength is now at λ = 43.5µm, in
the centre of the main phonon absorption band. An enhancement in the value of n2
is also observed, the origin of which is yet to be identified.
The results for GaSex−1Sx, x = 0.17 & 0.22, are very noisy and unreliable for
determining the nonlinear refractive index. The curves are presented in Figures 5.18
& 5.19, but values are excluded from the results. The noise is a result of instability
that developed in the laser mode operating a 87µm.
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(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.16: Normalised transmission though crystal samples for both closed (a) and
open (b) aperture Z scan measurements, showing the effect of nonlinear refractive
index (n2) and nonlinear absorption (β) on the normalised transmission of GaSe at
λ = 87µm.
(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.17: Normalised transmission though the crystal samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSex−1Sx, x = 0.11, at λ = 87µm.
171
Chapter 5: Nonlinear Optical properties of GaSe1-xSx
(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.18: Normalised transmission though the crystal samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSex−1Sx, x = 0.17, at λ = 87µm.
(a) Nonlinear Refractive Index (b) Nonlinear Absorption
Figure 5.19: Normalised transmission though the crystals samples for both closed
(a) and open (b) aperture Z scan measurements, showing the effect of nonlinear
refractive index (n2) and nonlinear absorption (β) on the normalised transmission
of GaSex−1Sx, x = 0.22, at λ = 87µm.
As previously stated, the values provided in the literature for nonlinear optical
properties in GaSe are limited in number, scattered and often in contradiction [356,
339, 341] and even considered “chaotic” [341]. It may be better characterised as a
complex problem where all factors have not be adequately addressed, β is found to be
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Table 5.2: Nonlinear absorption (β), nonlinear refractive index (n2) and 3
rd nonlin-
ear optical coefficient (χ(3)) for GaSex−1Sx crystals at λ = 87µm.
Wavelength GaSex−1Sx β n2 χ(3)
µm x cm/W cm2/W m2/V 2
87 0 3.9± 0.8× 10−6 2.3± 1.0× 10−5 8.8± 2.5× 10−11
87 0.11 5.4± 0.8× 10−6 1.1± 0.5× 10−5 4.0± 1.7× 10−11
87 0.17 2.4± 0.8× 10−6 – –
87 0.22 5.2± 0.8× 10−6 – –
dependent on crystal quality [341], pump wavelength [356], pump energy [339, 340]
and pulse duration [356, 339, 340, 341]. Furthermore, the absorption has been found
not to be a strictly two-photon process with contributions from three and higher
multiphonon processes [356, 341], and at still higher intensities saturable absorption
has been observed [339, 339, 342]. Results for doped crystals GaSe are rarer still
[272, 339, 340, 342] and for GaSex−1Sx we found two publications [341, 217]. The
majority of studies were conducted using Nd:YAG at 1.064 µm or shorter sources.
It has been observed that there is strong anisotropy in the multiphoton absorption
coefficient [272, 341] and that doping leads to a reduction of induced absorption
under fs pumping [217].
In spite of these complications, it can be seen that pumping with ns pulse lengths
has consistently led to results for β two orders of magnitude greater than for ps or
fs pumping [356, 339, 102, 340, 341, 217]. The increase is the result of long lifetime,
thermally induced carriers [356, 339, 340, 341], evidence of which is clearly found in
our figures from their asymmetric shape forms with long tails after the focus [354],
e.g. Figure 5.15 (a).
Furthermore, following processing the nonlinear refractive index curves presented
for both the FIR and THz regime can be seen to deviate from ideal shape form as
presented in Sheik-Bahae et al, following from their discussion these distortions can
be assumed to be due to the influence of the crystal samples [354]. It is recommended
that a low power scan of the crystal be preformed to compensate [354]; in future
measurement this precautions will be followed.
Regardless, our result for multiphoton absorption at 20µm are found to be in
reasonable agreement, within the margin of error, with the results in the literature
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for ns pumping with intensities at about 0.1GW/cm2 for both pure and doped
GaSe crystals, with β = 3.30 × 10−7cm/W for GaSe [340], β = 4.72 × 10−7cm/W
for GaSe1−xSnx, x =0.5 [339] and β = 3.20 × 10−7cm/W for GaSe1−xGex, x =0.5
[340], as well as with the early results referred to in Zotova and Ding [356]. This
agreement lends some confidence to our results for nonlinear refractive index n2 and
χ(3) which are less well investigated. So, the effect of multi-photon absorption at
long wavelengths is at least a no more serious impediment to nonlinear frequency
conversion than at 1.064 µm. At somewhat shorter wavelengths away from the
phonon absorption e.g. 10 µm and shorter pulse durations, the situation may even
be improved.
5.8 Summary
In this chapter, we investigated to possibility of determining the nonlinear properties
of GaSe, GaSex−1Sx and other nonlinear optical crystals in the FIR and THz regimes
using the classic Maker Fringe and Z-scan techniques. Maker fringes have been
observed in the nonlinear crystals measured, but the experimental method requires
improvement to adequately separate the pump and second harmonic beams and
enable analysis of the result. Herman & Hayden’s Eqn 5.3 should be adapted to
account for the angle dependence of deff . However, we have demonstrated that it
is possible to perform these measurements in the THz regime using free electron
lasers, and the experiment will be revisited with an improved setup.
The Z-scan measurement were conducted successfully, in both the FIR and THz
regimes, and the measurement results in the FIR were found to be in reasonable
agreement with the available literature. Two-photon absorption was seen to in-
crease by an order of magnitude between at 20 µm and 87 µm, as a result of the
main optical phonon band centred at 47 µm. The nonlinear refractive index n2 is
also found to increase below the main phonon band. At 20 µm, two-photon absorp-
tion, β, was found to decrease with doping and as the quality of the results improve
for GaSex−1Sx, x =0.11. However, further detailed comparison between individ-
ual crystals is hampered as the linear absorption at 20 µm increases with doping,
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pumping with ns pulses leads to thermal carriers, which significantly distort the
form of the transmission curves, the samples are small for measurements at 87 µm,
beam distortion due to the samples and the instability in the laser; these less than
ideal experimental conditions introduce additional inaccuracies into the measured
values, which we may conclude exceed the calculated errors, based on measurement
uncertainties. The measurements will be revisited using larger crystals samples at
different wavelengths in both the FIR and THz regimes to reduce linear absorption
and allow more stable laser oscillation. Low power scans will be performed to elim-
inated the effect of beam distortion due to the sample. However, we can conclude
that mulit-photon absorption in the FIR is no more an impediment to pumping,
GaSe based, nonlinear frequency conversion devices that in the near-IR.
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A coherent, table top source of Terahertz (30-1000 µm) radiation, which is, high
power, narrow bandwidth, and broadly tunable is highly desired for a wide variety
of applications across the physical sciences as well as in engineering, manufactur-
ing and security sectors. Sulphur-doped solid solution ε-polytype Gallium Selenide
(GaSex−1Sx) crystals have the potential for efficient generation of THz radiation
and broadband tunability throughout the majority of this regime; unfortunately,
the literature relating GaSex−1Sx is highly scattered and often contradictory. The
aim of the work presented in this thesis was to develop a robust understanding of
the linear and nonlinear optical properties of GaSex−1Sx crystals, to enable their
successful exploitation in DFG and OPO devices at THz frequencies, and where
possible, clarify discrepancies in the literature. Investigations of the linear optical
properties of GaSe, GaS & GaSex−1Sx crystals the THz and FIR regimes were con-
ducted using of THz-TDS, FTIR and Raman spectroscopy. Investigations of the
nonlinear optical properties in the THz and FIR regimes were conducted using the
classic Maker fringe and z-scan techniques.
6.0.1 Chapter 3
Besides the poor mechanical properties, the scattered and contradictory results in
the literature around GaSe crystals, in particular for the THz region, have hindered
its widespread adoption for nonlinear frequency conversion. To resolve some of the
ambiguities, we examined the sources of inaccuracy in the THz-TDS measurements
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of high refractive index, birefringent layered crystals, and propose a Rule of Thumb
for the selection of adequate data, based on the quality of the oscillations in the
refractive index curves.
The linear refractive index (n) and absorption coefficient (α) of both the o &
e-waves in for GaSe and a dense set of GaSex−1Sx crystals (x = 0.05, 0.11, 0.22,
0.29, 0.44) was determined in the THz regime (0.1- 4.5 THz) by direct measurement
using Terahertz - Time Domain Spectroscopy. Measurements of THz dispersion and
absorption properties of GaS crystals were performed for the first time. The crystals
were fabricated with facets perpendicular to the c-axis, to enabling access to the ne
direction.
The refractive indices in GaSe at 1.5 THz was found to be no = 3.24±0.015
and ne = 2.46±0.015, while the refractive index values for GaS were found to be
no = 3.06±0.012 and ne = 2.29±0.012, so that the birefringence in both crystals
are equal within the margin of error of the measurements. These measurements
allow the calculation of refractive index for any GaSex−1Sx crystal using Takaoka
et al ’s Eqn 3.13 [302]. Of the existing Sellmeier equations, Chen et al ’s estimates
[202] were found to be the best fit to our results and also the results found in
the literature. Improved Sellmier equations are presented, which were designed by
colleagues, based, in part, from the results in this work. Both the o & e-wave
refractive indices of GaSex−1Sx crystals were measured and found to change linearly
with doping at a rate of -0.14/x (-0.006/mass%) at 1.5 THz, between the value of
the two parent crystals GaSe and GaSe.
O-wave absorption is found to be dominant in all GaSe and GaSex−1Sx crystals.
Doping reduces absorption for both the o & e-waves, with GaSex−1Sx, x = 0.22,
found to have the lowest absorption. Phonons in the o-wave absorption spectra is
seen to transform with doping, the E ′(2) rigid layer mode at 0.595 THz is found to
collapse with increased sulphur content, and a new mode E ′′(2) arises at ≈ 1.7 THz,
shifting to higher frequencies at a rate of 425 GHz/x (17 GHz/mass%). A nearly
frequency-independent absorption is observed for the e-wave, between 0.1 - 2 THz,
in GaSex−1Sx, x = 0.22-0.44, crystals. A phonon at 1.1 THz was observed, with
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confidence for the first time in the e-wave absorption spectra of GaSe. The reduced
refractive index and absorption in the e-wave properties clearly favours conversion
schemes that result in an extraordinarily polarised THz beam.
The optical properties of the crystals and their phonon structure, transform in
proportion to their Sulphur content. The transformation of the absorption spectra
in the THz range is found to be more sensitive to doping content than at the band
gap edge or in the mid to far-IR multiphonon bands. Furthermore absorption is
found to decrease and the intensity of the rigid mode phonons to increase as the
quality of the crystals improve. Thus, THz-TDS looks like a promising assessment
tool, for crystal composition and quality. Neither GaSe nor GaSex−1Sx reach the
nonlinear Figure of Merit estimated from the literature as 3375, as even in the best
available quality crystals the absorption coefficient remains > 1 cm−1; the e-wave
FoM for the measured GaSe and GaSex−1Sx was found to be 19.8 and 17 respectively.
While the absorption and refractive index of GaSex−1Sx crystals are reduced as a
result of doping, so too is the second order nonlinear optical coefficient and, hence,
the reduced Figure of Merit. In spite of this, improvements in the optical quality
has been shown to compensate for the reduced nonlinearity and the optimal doping
level is recommended as x ≈ 0.22.
6.0.2 Chapter 4
The main phonon bands of the GaSe, GaS and GaSex−1Sx crystals were investigated
by FTIR and Raman spectroscopy and their transformation with respect to doping
is studied. The transformation of the main E ′(TO) phonon has been studied. The
absorption coefficient was estimated for the first time in GaSex−1Sx, x = 0.11, 0.22
& 0.44. The results of the estimates for GaSe, α = 3±0.75×103 cm−1, are found to
be in agreement with the published results for GaSe crystals, within the margin of
error. The amplitude of the E ′(TO) phonon is found to decay with increased sulphur
doping and the centre frequency to shift to short wavelengths at a rate of 375 GHz/x
(15 GHz/mass% or 4.5 cm−1/mass%) in both the absorption and Raman spectra.
The possibility of engineering the transparency windows in GaSex−1Sx crystals by
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means of doping had been suggested. While the intensity of the phonon mode is
somewhat reduced and the centre frequency shifted to shorter wavelengths, leading
to the improved optical properties in the THz, the mode remains intensive and no
significant increase in bandwidth is achieved. Conversely, Sulphur doping leads to a
significant increase in absorption at 20 µm, due to the emergence of GaS associated
phonons, reducing the efficiency of FIR generation.
While the polytype of the crystals has negligible impact on the linear optical
properties, this is not the case for the nonlinear optical properties, where the poly-
type influences both the effective nonlinear coefficient (deff ) and the most suitable
interaction type. In contrast to other studies in the literature, all the measured
crystals are of the ε-polytype and the admixture of other polytypes is found to be
small. Furthermore, the admixture content is seen to decrease with increased dop-
ing, indicating the high quality of the crystals. The ε-polytype, has the largest deff
for both Type-I and II interactions at THz frequencies, maximising the nonlinear
Figure of Merit. Sellmeier equations, valid for the full transparency range (0.8–20
µm & 4–0.2 THz) of GaSe and GaS, designed by colleagues and based, in part, on
the optical properties determined in this work, were presented.
6.0.3 Chapter 5
Measurements of the second order nonlinear coefficient (χ(2)) and the two-photon
absorption coefficienct (β) have to date been largely confined to around 1.064 µm,
or been inferred from system performance. χ(2) and β are a key parameters in
determining the efficiency of nonlinear frequency conversion and the threshold of
optical parametric oscillators. However, at longer wavelengths, where, from the
Manly-Rowe relations, the efficiency of generation of THz radiation is increased,
the value of χ(2) and β have not typically been measured. Attempts to determine
the nonlinear optical properties of the crystal in the THz and FIR regimes were
undertaken using the classic Maker fringe and z-scan techniques pumped by the
Felix free electron laser at Radboud University, Nijmegen, the Netherlands.
Maker fringes experiment was attempted with a 44 cm−1 fundamental beam,
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such that the major THz absorption features would be avoided and the response
of the detector to the generates SHG signal would be maximised. While Maker
fringes have been observed in GaSex−1Sx, GaAs and quartz crystals, the experi-
mental method requires improvement to adequately separate the pump and second
harmonic beams and enable meaningful analysis of the result. To confirm the origin
of the fringes, a centrosymmetric Ge wafer was also measured and no fringes were
observed. However, we have demonstrated that it is possible to perform these mea-
surements in the THz regime using free electron lasers, and the experiment will be
revisited with an improved setup.
Z-scan measurements were conducted successfully in both the FIR and THz
regimes. Two-photon absorption was seen to increase by an order of magnitude
between 20 µm and 87 µm, as a result of the main optical phonon band centred
at 47 µm. The measurement results for two-photon absorption in the FIR (20
µm), β = 3.8 − 6 ± 0.6 × 10−7cm/W , were found to be in reasonable agreement
with the available literature, β = 3.2 − 4.7 × 10−7cm/W , for ns pumping with
intensities at about 0.1GW/cm2 in both pure and doped GaSe crystals. β was found
to decrease with doping as seen in GaSex−1Sx, x =0.11. However, further detailed
comparison between individual crystals is hampered, as the linear absorption at 20
µm increases with doping, pumping with ns pulses leads to thermal carriers (which
significantly distort the form of the transmission curves). These problems are further
exacerbated by small samples size for measurements at 87 µm, the beam distortion
due to the samples, and the instability in the laser operation. The measurements will
be revisited using larger crystal samples at different wavelengths, in both the FIR
and THz regimes, to reduce linear absorption and allow more stable laser oscillation
and low power scans will be performed to eliminated the effect of beam distortion due
to the sample. However, we can conclude that mulit-photon absorption in the FIR
is no more an impediment to pumping, GaSe based, nonlinear frequency conversion
devices that in the near-IR.
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6.1 Future Work
As we discussed in Chapter 5, current high power sources of narrow linewidth,
broadly tunable, short pulse terahertz radiation are largely restricted to Free-Electron
Laser (FEL), such as the Felix instrument. Unfortunately FELs are large, expen-
sive, cumbersome devices, requiring dedicated specialist facilities and a large team
of scientists and engineers to operate and maintain, and thus, are restricted to a
few large facilities. Even table top systems, that are much less flexible than a FEL,
would be highly desirable for many of the applications where FELs are currently
used i.e. molecular biology, biophysics and solid state quantum devices [357]. As
we seen in Chapter 2, table top sources of tunable [90, 177, 182, 1, 184, 158, 180],
narrow linewidth THz radiation have been demonstrated in LiNbO3 [178, 183] below
3 THz and are commercially available in the range 1.2-3 THz [175]. Unfortunately
this tuning range is below the transition energies for many the dopants of interest
in solid state quantum devices.
Figure 6.1: Inside the radiation vault housing the Felix FEL, showning an engineer
for scale (http://www.ru.nl/felix/).
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From the work presented in this thesis, it is clear that doped GaSe crystals
represent an attractive option for the generation of THz radiation by nonlinear
frequency generation. While GaSe’s large second order nonlinear coefficient has
been reported to be reduced by doping [215, 103], the improvements in the optical
quality and mechanical properties more than adequately compensate this reduction;
increases in conversion efficiencies of up to 15 times has been reported for GaSex−1Sx.
[215].
This situation can be further improved by means of double-doping GaSe crys-
tals with sulphur and aluminium. Light Al-doping has been found to significantly
strengthen the crystal and reduce absorption in the GaSe to α < 1cm−1 [215]. Gao
et al state that the effects of two-element doping is additive and we estimated the
nonlinear Figure of Merit for THz o-wave generation in GaSex−1Sx:Al, x = 0.22, to
be 165, almost an order of magnitude greater than for GaSex−1Sx, x = 0.22, alone;
such crystals are currently being grown.
We intend to exploit these crystals in an table top FEL substitute source, based
on DFG. The desired tunability range is 0.05–30 THz with gaps due to phonon
absorption and a linewidth of 0.1 cm−1. A variety of pumping schemes will be
investigated including: Q-switched Nd:YAG laser, near-IR OPAs, Mid-IR OPOs
and pulsed CO2 laser. Following successful trials and further crystal optimisation,
an OPO system will be developed.
Solid-state quantum devices show great potential in that they are integrable with
currently industrial scale silicon wafer processes and existing microelectronic devices.
The operation of implanted silicon devices, such as phosphorous in silicon (Si:P),
calls for a source of intense narrowband and tunable THz frequency pulses. This
source will be employed for the coherent control of spin orbitals, that is essential for
entangling neighbouring P atoms, development of quantum memory and the reading
and writing of data to such devices [358, 359, 360].
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